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ABSTRACT

The main goal of this project is to study the anti-tumor activity of p202 (aim 1), the potential application to breast cancer gene
therapy (aim 2) and the anti-tumor activity of IFIX (aim 3). Our studies show that Ad-p202 infection induces growth inhibition and
sensitize breast cancer cells to TNF-ox induced apoptosis. In addition, we demonstrate for the first time that Ad-p202 infection
induces apoptosis. More impoetantly, we show the efficacy of Ad-p202 treatment on breast cancer xenograft models.

In search for the potential human ortholog of mouse p202, we identified a new human HIN-200 gene, IFIX (IFN-Inducible
protein X). We found that the expression of IFIX is reduced in breast tumor tissues and breast cancer cell lines and that the
enforced expression of IFIX in breast cancer cell lines reduces their growth and tumorigenicity. We also demonstrate the treatment
efficacy of an IFIX-based gene therapy in an orthotopic breast cancer model.

To investigate the mechanism of the IFIX oal-mediated tumor suppression, we found a novel interaction between IFIX cl and
HDM2. Importantly, IFIXco destabilizes HDM2 leading to increased p53 stability and enhanced p53-mediated transcriptional
activity. Furthermore, we showed that IFIXcd promotes the ubiquitination of HDM2. Our data suggest that IFIXUI functions as a
tumor suppressor by negatively regulating HDM2. They also suggest that IFIXotl mediates a novel crosstalk between IFN signaling
pathway and HDM2-p53 auto-regulatory loop, and that may contribute in part to the IFN-induced anti-tumor activity in certain
cancers.
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Introduction

The hematopoietic interferon (IFN) inducible nuclear protein (HIN-200) family are IFN-
inducible proteins that share a signature 200-amino acid motif of type a and/or b. Three
human (IF116, MNDA and AIM2) and four mouse (p202, p203, p204, and D3) HIN-200
family proteins have been identified. (1-4). Genes encoding HIN-200 family proteins in both
mouse and human are located at chromosome lq21-23 and form a gene cluster (1, 3). HIN-
200 proteins are primarily nuclear proteins involved in transcriptional regulation of genes
important for cell cycle control, differentiation, and apoptosis (1, 3, 4). Our previous studies
have shown that p202 suppressed tumor growth, reduced tumorigenicity, and suppressed
metastasis and tumor angiogenesis of many human cancer cell lines (5-7).

This project is to study the anti-tumor activity of p202 (aiml) and its potential application
to breast cancer gene therapy (aim2). Aim 3 is based on our recent discovery of a novel
human HIN-200 gene, IFIX (IFN-Inducible protein X). In search for the potential human
ortholog of mouse p202, we cloned a new member of the human HIN-200 protein family,
IFIX, and show that IFIX-cul, the longest isoform of IFIX, function as a tumor suppressor.

Body

A. Objectives (New objective 3 has been added)

1) Determine the Ad-p202-mediated anti-tumor activities in vitro.
2) Determine the Ad-p202-mediated anti-tumor activities in vivo.
3) Determine the anti-tumor activity of IFIX.

B. Studies and results

In the past 3 years, we demonstrated the anti-tumor activity of Ad-p202 in vitro and in vivo
(Clinical Cancer Res., 8:3290-3297, 2002). In addition, we identified a new member of the
human HIN-200 protein family, IFIX (IFN-Inducible protein X), and demonstrated its anti-
tumor activity in breast cancer (Oncogene, 23:4556-4566, 2004). Furthermore, we found that
IFIX-cd up-regulates p53 by promoting HDM2 destabilization (please see the attached
manuscript).

The progress of each objective is discussed below:

Objective 1: Determine the Ad-p202-mediated anti-tumor activities in vitro.

We found that Ad-p202 infection induces growth inhibition and sensitize breast cancer
cells to TNF-o induced apoptosis. In addition, we demonstrate for the first time that Ad-p202
infection induces apoptosis and that activation of caspases is required for the full apoptotic
affect. (Clinical Cancer Res., 8:3290-3297, 2002).

Objective 2: Determine the Ad-p202-mediated anti-tumor activities in vivo.

To test the efficacy of Ad-p202 in vivo, we performed in vivo tumorigenesis on female
nude mice. The tumor bearing mice were treated with Ad-p202 via intra-tumor or tail vein
injection. Our results showed Ad-p202 treatment by either route yielded significant efficacy.
The therapeutic effect was associated with an increased apoptosis in Ad-p202-treated tumors
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and that is consistent to what has been observed in vitro. Together, our results confirm the
feasibility of using Ad-p202 as a therapeutic agent in breast cancer treatment. (Clinical
Cancer Res., 8:3290-3297, 2002.)

Objective 3: Determine the anti-tumor activity of IFIX.

We identified IFIX as a new member of HIN-200 family. Six different alternatively
spliced forms of mRNA are transcribed from the IFIX gene. The IFIX proteins are primarily
localized in the nucleus. They share a common N-terminal region that contains a predicted
pyrin domain and a putative nuclear localization signal. Interestingly, the expression of IFIX
was reduced in most human breast tumors and breast cancer cell lines. Expression of IFIXal,
the longest isoform of IFIX, in human breast cancer cell lines reduced their anchorage-
dependent and -independent growth in vitro and tumorigenicity in nude mice. Moreover, a
liposome-mediated IFIXuxl gene transfer suppressed the growth of already-formed tumors in
a breast cancer xenograft model. IFIXcd appears to suppress the growth of breast cancer cells
in a pRB- and p53-independent manner by increasing the expression of the cyclin-dependent
kinase inhibitor p2lcI, which leads to the reduction of the kinase activity of both Cdk2 and
p3 4cdc2. Our results show that IFIXctl possesses a tumor suppressor activity (Oncogene,
23:4556-4566, 2004).

To understand how IFIX a:1 function as a tumor suppressor, we searched IFIX (X1
interacting proteins and found that IFIXaxl binds and destabilizes HDM2, a principal negative
regulator of p53. The HDM2 RING finger domain, which possesses E3 ligase activity, is
required for the IFIXcl-mediated HDM2 destabilization. This result is supported by the
observation that IFIXu1I induces the ubiquitination of HDM2. As expected, the down
regulation of HDM2 by IFIXcl leads to induction of p53 and activation of p53 target gene
(e.g., p21CII). Moreover, the positive regulation of p53 by IFIXocI can be observed only in
p53-/- MEF but not in p53-/-, mdm2-/- double knockout MEF. Together, these results suggest
that IFIXcl function as a tumor suppressor by negatively regulating HDM2.

Key Research Accomplishments:

*Ad-p202 -mediated anti-tumor activities in vitro: Ad-p202 infection induces growth

inhibition and sensitize breast cancer cells to TNF-o induced apoptosis; Ad-p202 infection
induces apoptosis (Clinical Cancer Res., 8:3290-3297, 2002.)

*Ad-p202-mediated anti-tumor activities in vivo: we performed in vivo tumorigenesis on

female nude mice. The tumor bearing mice were treated with Ad-p202 via intra-tumor or tail
vein injection. Our results showed Ad-p202 treatment by either route yielded significant
efficacy (Clinical Cancer Res., 8:3290-3297, 2002.)

*Anti-tumor activity of IFIX:

1. Cloning of a new HIN-200 family member, IFIX.
2. IFIX is down-regulated in breast tumors.
3. IFN-y treatment suppresses the growth of MCF-7 and MDA-MB-468 breast cancer

cells, which correlated with the induction of IFIX.
4. Expression of IFIX reduces anchorage-dependent and -independent cell growth in vitro

and suppresses tumorigenicity in vivo.
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5. Liposome-mediated IFIX gene transfer suppresses the growth of already-formed tumors
in a breast cancer xenograft model.

6. IFIX-o 1 up-regulate p21.
7. IFIXal binds and destabilizes HDM2, the HDM2 RING finger domain, which possesses

E3 ligase activity, is required for the IFIXcd -mediated HDM2 destabilization.
8. IFIXcd induces the ubiquitination of HDM2.
9. The down regulation of HDM2 by IFIXcu1 leads to induction of p53 and activation of

p53 target gene (e.g., p21 CIP 1).
10. The positive regulation of p53 by IFIXcd can be observed only in p53-/- MEF but not in

p53-/-, mdm2-/- double knockout MEF.

#1-6: Oncogene, 23:4556-4566, 2004.
#7-10: please see the attached manuscript.

Reportable Outcomes:

1. Publications:

Yi Ding, Yong Wen, Bill Spohn, Li Wang, Weiya Xia, Ka Yin Kwong, Ruping Shao, Zheng
Li, Gabriel N. Hortobagyi, Mien-Chie Hung, and Duen-Hwa Yan. Proapoptotic and
antitumor activities of Adenovirus-mediated p202 gene transfer. Clin. Cancer Res. 8:3290-
3297, 2002.

Yi Ding, Li Wang, Li-Kuo Su, Jennifer A. Frey, Ruping Shao, Kelly K. Hunt, and
Duen-Hwa Yan. Anti-tumor activity of IFIX, a novel interferon-inducible HIN-200
gene, in breast cancer. Oncogene 23: 4556-4566, 2004.

2. Manuscript:

Yi Ding, Jin-Fong Lee, Hua Lu, and Duen-Hwa Yan. Interferon-inducible protein
IFIXocI function as a negative regulator of HDM2 (Submitted).

3. US Patent pending

Title: IFIX, a novel HIN-200 protein, for cancer therapy.
Inventors: Duen-Hwa Yan, Yi Ding, Li Wang, and Mien-Chie Hung.

Training accomplishments:
1) A poster presentation (Abstract No. 3511) at 9 5 th AACR meeting, Orlando, FL.
2) A poster presentation at Trainee Recognition 2004, U. T. M. D. Anderson Cancer center.
3) Attended department seminars (12:00 am-1:00pm, Wednesday), institutional seminars

(12:00 am- 1:00pm, Friday) and other seminars.

Conclusions:

Our studies show that Ad-p202 infection induces growth inhibition and sensitize breast
cancer cells to TNF-a induced apoptosis. In addition, we demonstrate for the first time that
Ad-p202 infection induces apoptosis and that activation of caspases is required for the full
apoptotic affect. More impoetantly, we show the efficacy of Ad-p202 treatment on breast
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cancer xenograft models. Together, our results confirm the feasibility of using Ad-p202 as a
therapeutic agent in breast cancer treatment.

In search for the potential human ortholog of mouse p202, we identified a new member of
the human HIN-200 protein family, IFIX (WFN-Inducible protein X). We found that the
expression of IFIX is reduced in breast tumor tissues and breast cancer cell lines and that the
enforced expression of IFIX in breast cancer cell lines reduces their growth and
tumorigenicity. We also demonstrate the treatment efficacy of an IFIX-based gene therapy in
an orthotopic breast cancer model.

To investigate the mechanism of the IFIXol -mediated tumor suppression, we found a
novel interaction between IFIXod and HDM2. Importantly, IFIXal destabilizes HDM2
leading to increased p53 stability and enhanced p53-mediated transcriptional activity.
Furthermore, we showed that IFIXc&1 promotes the ubiquitination of HDM2, thus, providing a
plausible mechanism for the up regulation of p53 and the down regulation of HDM2 by
IFIXc(l. Our data suggest that IFIXa 1 functions as a tumor suppressor by negatively
regulating HDM2. They also suggest that IFIXcI mediates a novel crosstalk between IFN
signaling pathway and HDM2-p53 auto-regulatory loop, and that may contribute in part to the
IFN-induced anti-tumor activity in certain cancers.

Together, our data suggest that both Ad-p202 and IFIX may be further developed into
efficient therapeutic agents for human cancer gene therapy.

References:
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Proapoptotic and Antitumor Activities of Adenovirus-mediated p202
Gene Transfer 1

Yi Ding, Yong Wen, Bill Spohn, Li Wang, Conclusions: We conclude that Ad-p202 is a potent

Weiya Xia, Ka Yin Kwong, Ruping Shao, growth-inhibitory, proapoptotic, and tumor-suppressing

Zheng Li, Gabriel N. Hortobagyi, agent. Ad-p202 may be further developed into an efficient

Mien-Chie Hung, and Duen-Hwa Yan2  therapeutic agent for human cancer gene therapy.

Departments of Molecular and Cellular Oncology [Y. D., Y. W., INTRODUCTION
B. S., L. W., W. X., K. Y. K., R. S., Z. L., M-C. H., D-H. Y.], Breast
Medical Oncology [G. N. H.], and Surgical Oncology [M-C. H., IFN is known to exert antiproliferative and antiviral ac-
D-H. Y.]. The University of Texas M. D. Anderson Cancer Center, tions. It has both direct and indirect (immunological) antitumor
Houston, Texas 77030 activity in several human malignancies, including leukemia and

lymphomas as well as solid tumors. Aside from the therapeutic

ABSTRACT effects of IFN in certain clinical settings, there are also unde-
sirable side effects (e.g., fever, chills, anorexia, and anemia)Purpose and Experimental Design: p202, a mouse IFN- associated with the high-dose IFN treatment that is often re-

inducible protein, is a member of the 200-amino acid repeat quired to obtain a significant response (1, 2). This has hampered

family. Enforced p202 expression in stable cancer cell lines qurdtobanasgicntepne(12)Thsasam rd
family.d Enfgored p202iexpresion vitnd table cancercelllione IFN as an effective anticancer agent. In an attempt to circumvent
resulted in growth inhibition in vitro and tumor suppression this potential drawback and maintain the benefit of IFN-medi-
in vivo. However, to study the immediate effect of p202 and thspenildabcadmitinheeefto F-d-
i i.H vot the immentialefficacyofp22trediatmentn effect t o and ated antitumor activity, we have begun to explore the possibility
test the potential efficacy of p202 treatment, an efficient gene of using an IFN-inducible protein, p202, as a potential thera-
delivery system for p202 is required. For these purposes, an peutic agent (3-5). p2 02 is a mouse IFN-inducible, chromatin-
adenoviral vector expressing the p202 gene (Ad-p202) was associated protein. It belongs to the 200-amino acid repeat
gemanbrera sted ancercells. Werthermore examned the effec ion o family (6, 7). The unique feature of p202 is illustrated by its
huany bfAd-p22treasttan er cel. F re ,wtstandpancredathe effr ability to interact with several important transcriptional regula-
cacy of Ad-p202 treatment on breast and pancreatic cancer tors that include E2Fs, Rb, pocket proteins p130 and p10 7 ,
xenograft models. Fos/Jun, c-Myc, NF-KB, 3 and p53BP-1 (reviewed in Ref. 8),

Results: We found that Ad-p202 infection induces resulting in transcriptional repression of genes that are up-

growth inhibition and sensitizes the otherwise resistant cells regulted bh transcriptional re gulators that re of
to tmornecosisfacor t-iduce apptois. n aditon, regulated by these transcriptional regulators. The exact role of

to tumor necrosis factor ot-induced apoptosis. In addition, p202 in the IFN-mediated signal pathway is not well defined.
we demonstrated for the first time that Ad-p202 infection p0 nteINmdae inlptwyi o eldfnd
wndues dem onstratedfo thet fcirsatmenof thatdp infrectiond However, consistent with the multiple antitumor activities of
induces apoptosis and that activation of caspases is required IFN (9), enforced expression of p202 in stable murine fibro-
for the full apoptotic effect. More importantly, we showed blasts and human cancer cell lines leads to retardation of cell
the efficacy of Ad-p202 treatment on breast cancer xe- growth and suppression of transformation phenotype (3, 5, 10,
nograft models, and this antitumor effect correlated well grwhadspesinotasfmtonhntye(,510
withenog antcdel andthis antitumo2reffectcorlated w. 11). Furthermore, breast cancer cells stably transfected with

p202 are sensitized to TNF-o-induced apoptosis (5), and that

effect is associated with inactivation of the TNF-a-induced
NF-KB via p202-NF-KB interaction. We postulated that p202
sensitizes cancer cells to TNF-ot-induced apoptosis by inactivat-

Received 1/22/02; revised 6/26/02; accepted 6/27/02. ing NF-KB, which, in turn, turns off NF-KB-activated antiapo-
The costs of publication of this article were defrayed in part by the ptotic gene expression, leading to enhanced TNF-os-induced cell
payment of page charges. This article must therefore be hereby marked killing (5).
advertisement in accordance with 18 U.S.C. Section 1734 solely to To generate a p202-based therapeutic agent for efficacy
indicate this fact.
SSupported by the University Cancer Foundation at the University of study in animal models and a tool to study the biological
Texas M. D. Anderson Cancer Center, Department of Defense Grant function of p202, we constructed Ad-p202. In this study, we
DAMD17-99-1-9270, and Texas Advanced Technology Program under
Grant 003657-0082-1999 (to D-H. Y.); NIH Grant CA77858 and De-
partment of Defense Grants DAMD17-00-1-0312 and DAMD17-01-1-

st 0071 (to M-C. H.); the Breast Cancer Research Foundation/Estee
Lauder Foundation (G. N. H. and M-C. H.); and Cancer Center Core 3 The abbreviations used are: NF-KB, nuclear factor KB; TNF-Q, tumor
Grant 16672. Y. W. is a recipient of a predoctoral fellowship from the necrosis factor ot; i.t., intratumor; CMV, cytomegalovirus; GFP, green
Department of Defense Breast Cancer Research Training Grant fluorescence protein; MTT, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphe-
DMAD17-99-1-9264. nyltetrazolium bromide; MOI, multiplicity of infection; PARP, poly-
2 To whom requests for reprints should be addressed, at Department of (ADP-ribose) polymerase; pfu, plaque-forming unit(s); TUNEL, termi-
Molecular and Cellular Oncology, The University of Texas M. D. nal deoxynucleotidyl transferase-mediated dUTP nick end labeling; PI,
Anderson Cancer Center, 1515 Holcombe Boulevard, Houston, TX postinfection; fink, fluoromethyl ketone; Z-VAD, N-benzyloxycar-
77030. Phone: (713) 792-3677; Fax: (713) 794-0209; E-mail: dyan@ bonyl-Val-Ala-Asp; Z-DEVD, N-benzyloxycarbonyl-Asp-Glu-Val-
mdanderson.org. Asp.
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show that Ad-p202 infection of breast cancer cells resulted in Z-VAD and Z-DEVD-fmk were purchased from Enzyme Sys-
' growth inhibition and sensitization to TNF-c-induced apoptosis. tems Products (Livermore, CA).

Interestingly, we found that Ad-p202 infection alone induces Gel-Shift Assay. The NF-KB gel-shift assay was per-
apoptosis in breast cancer cells, and the activation of caspases is formed as described previously (13).

* critical for this process. More importantly, we demonstrated the Ad-p202 Gene Therapy in Human Cancer Xenograft
efficacy of Ad-p202 treatment in human breast cancer xenograft Models. For the orthotopic breast cancer xenograft model,
models through either i.t. or i.v. injection. This antitumor activ- MDA-MB-468 cells (2 x 106 cells) were implanted in mam-
ity correlated well with p202 expression and apoptosis in Ad- mary fat pads (2 tumors/mouse) of female nude mice. Tumor-
p202-treated tumors. Together, our results suggest that Ad-p202 bearing mice were divided into two treatment groups: group 1,
is a potent growth-inhibitory, proapoptotic, antitumor agent that Ad-Luc; and group 2, Ad-p202. For i.t. injection, 1 X 109 pfu
could be further developed to become an effective therapeutic viruses/treatment was administered. Treatment started when tu-
agent for cancer gene therapy treatment. mor reached 0.3 cm in diameter with a treatment schedule of

twice a week for 7 weeks and once a week thereafter. For tail
vein injection, 5 X 10' pfu viruses/treatment were administered.

MATERIALS AND METHODS Treatment started when tumor reached 0.5 cm in diameter with
Generation of Ad-p202. Ad-p202 was constructed ac- a treatment schedule of twice a week for 5 weeks and once a

cording to the protocol described previously (12). p2 02 cDNA week thereafter.
(11) was subeloned into an adenovirus vector (pAdTrack-CMV) Immunohistochemical Analysis of p2 02 Expression and
that carries a CMV promoter-driven GFP. A separate CMV Apoptosis. Mice were sacrificed 24 h after the last treatment.
promoter directs p202 cDNA. A control virus, an adenoviral Tumors obtained from Ad-p202- or Ad-Luc-treated mice bear-
vector expressing luciferase gene and GFP (Ad-Luc), was like- ing either breast or pancreatic tumors were then excised and
wise generated. The expression of GFP gene enabled us to fixed with formalin and embedded in paraffin. Immunohisto-
monitor the infection efficiency by direct observation using a chemical analysis of p202 protein expression was performed
fluorescence microscope. according to the protocol described previously (14). Tumor

In Vitro Growth Assays. MDA-MB-468 human breast sections were incubated with goat polyclonal antibody specific
cancer cells were maintained in DMEM/Ham's F-12 (HyClone for p202 (Santa Cruz Biotechnology) followed by incubation
Laboratories, Inc.) supplemented with 10% (v/v) fetal bovine with biotinylated rabbit antigoat IgG and subsequent incubation
serum. MTT is a pale yellow substrate that can be cleaved by with avidin-biotin peroxidase before visualization. TUNEL as-

living cells (but not dead cells) to yield a dark blue formazan say was performed to detect the ends of degraded DNA frag-

product. The extent of MTT cleavage determined colorimetri- ments induced by apoptosis according to the protocol described

cally (at 570 nm) can be used to measure cell proliferation, previously (15).

Briefly, 2 X 10' cells were plated in 96-well culture plates in 0.1
ml of culture medium. Ad-p202 or Ad-Luc was added at a MOI RESULTS
of 200 on the next day. At the different times indicated, 20 [il of Ad-p202 Mediates p202 Expression in Breast Cancer
MTT (5 mg/ml stock solution) were added to each well. Cells Cells. To test the efficiency and monitor the expression of
were cultured for an additional 2 h, and then 100 ýil of lysis p202 protein by Ad-p202 infection, we infected MDA-MB-468
buffer [20% SDS in 50% NN-dimethylformamide (pH 4.7)] breast cancer cells with either Ad-p202 or Ad-Luc followed by
were added to each well, followed by 5 h of incubation, and then fluorescence microscopy and Western blot analysis, respec-
absorbance was measured at 570 nm. [3H]Thymidine incorpo- tively. As shown in Fig. 1A, Ad-p202 and Ad-Luc infection at
ration assay was performed as described previously (13). a MOI of 200, at 24-h PI, exhibited >90% infection efficiency

Apoptosis Assays. For flow cytometry analysis, cells as indicated by the GFP-positive cells shown in a representative
were collected at the indicated times PI, washed once with PBS, field (Fig. 1A, right panels). The same cells are shown in
and suspended in 0.5 ml of PBS containing 0.1% (v/v) Triton phase-contrast images (Fig. 1A, left panels). The mock-infected
X-100 for nuclei preparation. The suspension was filtered cells (Control) showed no GFP expression. In addition to MDA-
through a nylon mesh and then adjusted to a final concentration MB-468, we found that Ad-p202 could infect a panel of other
of 0.1% (w/v) RNase and 50 pIg/ml propidium iodide. Apoptotic human breast cancer cell lines (e.g., MDA-MB-453, MDA-MB-
cells were quantified by FACScan cytometer. The DNA frag- 435, MDA-MB-231, and MCF-7), albeit with various infection
mentation assay was carried out as described previously (13). efficiency rates (data not shown). We chose the MDA-MB-468

Western Blot Analysis. MDA-MB-468 cells treated cell line for subsequent studies because it is tumorigenic in the
with or without TNF-cs (R&D Systems, Inc., Minneapolis, MN) mouse xenograft model and has relatively high infection effi-
were infected with Ad-p202 or Ad-Luc at a MOI of 200. ciency by Ad-p202. The expression of p202 protein in Ad-p202-
Seventy-two h PI, cells were lysed with radioimmunoprecipita- infected cells was further analyzed by Western blot using p202-
tion assay lysis buffer. The protein extracts were subjected to specific antibody. Fig. lB shows that whereas the mock- and
SDS-PAGE followed by Western blotting according to the Ad-Luc-infected cells have no p202 expression, Ad-p202 infec-
procedure described previously (5). Goat anti-p202 polyclonal tion efficiently directed p202 expression in MDA-MB-468 cells
antibody and anti-PARP antibody were obtained from Santa in a dose-dependent manner. These results clearly demonstrate
Cruz Biotechnology (Santa Cruz, CA) and BD Transduction that Ad-p202 infection adequately directs p202 expression in
Laboratories (Lexington, KY), respectively. Caspase inhibitors MDA-MB-468 cells.
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Fig. I Ad-p202 construction, p202 expression, and infection efficiency. A, Ad-p202 was generated according to the protocol described previously
(12). The pAdTrack-CMV vector contains two independent CMV promoter-driven transcription units, one for GFP and one for p202 cDNA.
MDA-MB-468 human breast cancer cells were infected by Ad-Luc or Ad-p202 at a MOI of 200. Twenty-four h P1, >90% of cells were found to
be GFP positive as visualized by fluorescence microscopy (right panels), indicating that the infection efficiency is >90%. Left panels, phase-contrast
microscopy. Control, mock-infected cells. B, p202 protein is expressed in Ad-p202 infected cells. MDA-MB-468 cells infected with Ad-Luc or
Ad-p202 for 72 h were analyzed for p202 protein expression by Western blot. Control, mock-infected cells. Actin protein was used as an equal loading
control.
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Ad-p202 Infection Reduces Breast Cancer Cell Growth. (Control) and Ad-Luc infection have no growth-inhibitory ef-

To assess the effect of Ad-p202 infection on cell growth, we fect on MDA-MB-468 cells, Ad-202 infection significantly
infected MDA-MB-468 cells with either Ad-p202 or Ad-Luc hampered cell growth (Fig. 2A) and DNA synthesis rates (Fig.
followed by in vitro growth assays such as the MTT assay and 2B). This observation strongly indicates that Ad-p202 infection

[3H]thymidine incorporation assay at different time points, i.e., inhibits cell growth in breast cancer cells and is congruent with

3-5 days PI. As shown in Fig. 2, whereas the mock infection our previous findings using stable cancer cell lines (3, 5).
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Fig. 3 Ad-p202 infection in- A B
duces apoptosis and sensitizes 6---
cells to apoptosis induced by
TNF-rs. MDA-MB-468 cells -t TNF-a - + + +
were infected with Ad-Luc or ") Ad-Luc - - + +
Ad-p202 at a MOI of 200. A, 0 40. Ad-p202 - - - - + +
24 h PI, TNF-a (50 ng/ml) was .* 1 2 3 4 5 6
added to the medium and incu- 0 i -200 k
bated for 48 h (72 h PI). Apo- .-
ptosis was then monitored by 0 20- A

flow cytometry analysis (done , PARP -97k
in triplets; bars, SD). t test: *, 9 k
P < 0.001; **, P < 0.0002; and 0. - 68k
•**, P < 0.0005. B, PARP 1 2 3 4 0 6

cleavage assay. Twenty-four h TNF-a - + - + - +
PI, TNF-a (50 ng/ml) was Ad-Luc - - + + - Actin
added to the medium and incu- Ad-p202 + +
bated for 24 h. Treated cells
were harvested 48 h Pl. The
PARP protein (M, 116,000) C D
was cleaved into Mr 85,000
product in the event of apopto- TNF-a - + - + - + TNF-a + + + + +

sis. C, DNA fragmentation as- Ad-Luc - + +- - Ad-Luc + +
say. Twenty-four h PI, TNF-a Ad-p202 - - - - + + Ad-p202 + +
(50 ng/ml) was added to the 1 2 3 4 5 6 Wt Competitor +
medium and incubated for 24 h. Mr kb Mut Competitor -+-
Treated cells were harvested 1 2 3 4 5 6 7 8
48 h Pl. D, Ad-p202 infection
inhibits TNF-s-induced NF-KB
DNA binding activity. MDA- 12- -12
MB-468 cells were infected
with Ad-p202 or Ad-Luc in the
presence or absence of TNF-c,
(50 ng/ml) 24 h PI for 30 min.
The nuclear extracts were then -- •
isolated and incubated with 1.6- -1.6

a radioactive-labeled oligonu-
cleotide containing NF-KB
binding site (13). The excess
cold wild-type or mutant
NF-KB binding site was added - 0.5
to the incubation to demon-
strate the specific NF-KB DNA
binding activity. The NF-KB-
DNA complex is indicated.

Ad-p202 Infection Induces Apoptosis in Breast Cancer full-length PARP (Mr 116,000) is cleaved by caspases into a

Cells. Without stress signals, the p202 stable cancer cell lines do fragment of approximately Mr 85,000 (Fig. 3B); and (b) a DNA
not exhibit apoptotic phenotype (3, 5). It is possible that p202 stable fragmentation assay that is based on the activated endonucleases
cell lines isolated after a vigorous selection process may possess a during apoptosis (Fig. 3C). Ad-p202 infection resulted in a marked
physiologically tolerant level of p202. The fact that only a small increase of the PARP cleavage product (Mr 85,000; Fig. 3B, Lane

number of p202 stable cell lines were obtained by colony-forning 5 and Fig. 4A, Lane 3) and an enhancement of DNA fragmentation

assay (3, 5) raises the possibility that p202 expression alone may (Fig. 3C, Lane 5). In contrast, Ad-Luc infection yielded a minimum
induce apoptosis. To test that possibility, we infected MDA-MB- amount of Mr 85,000 PARP cleavage product (Fig. 3B, Lane 3 and
468 cells with Ad-p202 or Ad-Luc followed by flow cytometry Fig. 4A, Lane 2) as well as a near basal level of DNA fragmentation
analysis at 72-h PI to detect apoptosis by measuring the cell (Fig. 3C, compare Lanes I and 3). Together, our results strongly
population in the sub-G1 phase of cell cycle. As shown in Fig. 3A, indicate that Ad-p202 alone induces apoptosis in MDA-MB-468

although Ad-Luc infection induced modest apoptosis (compare cells. Given that the MDA-MB-468 cell line harbors mutant p53

Lane 1 with Lane 3), Ad-p202 infection (Lane 5) caused signifi- (16), Ad-p202-mediated apoptosis thus appears to be independent
cantly more apoptosis (>20%) than Ad-Luc infection (Lane 3; of p53 status.
P < 0.001, t test). That observation was further confirmed by two p202-mediated Apoptosis Is Caspase-dependent. Be-
other apoptosis assays: (a) the PARP cleavage assay, in which cause caspases are activated during apoptosis and have a variety
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Z-VAD +- - + induced apoptosis (5). Although MDA-MB-468 cells appear to
Z-DEVD-fmk - " + + be resistant to TNF-cs (50 ng/ml; added at 24 h PI for 48 h)-
Ad-Luc -+ -+ + induced apoptosis (Fig. 3A, Lanes I and 2; Fig. 3B, Lanes 1 and
Ad-p202 - - + - + - +

1 2 3 4 5 6 7 2; and Fig. 3C, Lanes I and 2), the combination of TNF-ot and
- 200 k Ad-p202 induced massive cell killing [compare Fig. 3A, Lanes

5 and 6 (P < 0.0005); Fig. 3B, Lanes 5 and 6; and Fig. 3C,
PARP - 9iU•II7 k Lanes 5 and 6]. These results suggest that Ad-p202 infection

- 68k sensitizes MDA-MB-468 cells to TNF-ot-induced apoptosis. In

Actin 4Wip 40 14 VOW -W contrast, the apoptosis resulting from the combined treatment of
TNF-cr and Ad-Luc (Fig. 3A, Lane 4) was significantly less than

Fig. 4 The activation of caspases is critical for Ad-p202-mediated that from combined treatment with TNF-cL and Ad-p202
apoptosis. Z-VAD (100 t.m) and Z-DEVD-fmk (80 IIm) inhibit Ad-
p202-mediated apoptosis in MDA-MB-468 cells. Western blot analysis (Fig. 3A, Lane 6; P < 0.0002). This observation was confirmed

of PARP cleavage and actin expression was performed 48 h Pl. The by PARP cleavage and DNA fragmentation assays (Fig. 3B,
intensity of full-length PARP and PARP cleavage product bands was Lanes 4 and 6; Fig. 3C, Lanes 4 and 6). These data indicate that
measured using NtH Image 1.62 software, the sensitization to TNF-a-induced apoptosis is specific to p202

expression. Because p202-mediated sensitization to TNF-ot-
induced apoptosis correlated with the inactivation of NF-KB,

of substrates including PARP (17), the cleavage of PARP in specifically, via the loss of NF-KB DNA binding activity (5), we
Ad-p202-infected cells suggests that the activation of caspase next tested whether Ad-p202 infection affects TNF-a-induced
may be involved in Ad-p202-induced apoptosis. To test that NF-KB DNA binding activity. At 24 h PI, TNF-ot was added for
hypothesis, we infected MDA-MB-468 cells with Ad-p202 or 30 min, and the nuclear extract was then isolated and subse-
Ad-Luc in the presence or absence of a pan-caspase inhibitor, quently incubated with a radioactive-labeled oligonucleotide
Z-VAD. At 48 h PI, the intensity of full-length PARP and PARP containing the NF-KB binding sites. A gel-shift assay was then
cleavage product bands on Western blot was measured using performed to detect the NF-KB DNA binding activity. As shown
NIH Image 1.62 software. The percentage of Mr 85,000 product in Fig. 3D, we observed a complete abolishment of TNF-ot-
was calculated by setting the total intensity of both Mr 116,000 induced NF-KB DNA binding activity in Ad-p202-infected
and M, 85,000 bands in each lane at 100%. As shown in Fig. 4, MDA-MB-468 cells (Fig. 3D, compare Lanes 1, 3, 5, and 6). As
the addition of Z-VAD attenuates Ad-p202-induced apoptosis, controls, TNF-ca-induced NF-KB DNA binding activity (Lane 6)
as indicated by the reduced (but not completely eliminated) can be readily competed by cold wild-type NF-KB DNA binding
level of PARP Mr 85,000 cleavage product from 57.4% (Lane 3) site (Lane 7) and, to a lesser extent, by cold mutant probe (Lane
to 13.3% (Lane 5), whereas Z-VAD has no effect on PARP 8). Ad-Luc infection also reduces the TNF-ot-induced NF-KB
cleavage in Ad-Luc-infected cells (Lane 4). This result supports DNA binding activity somewhat, but to a lesser extent than
the idea that the activation of caspases, at least in part, is Ad-p202 (Lanes 4 and 5). Together, our data suggest that

required for Ad-p202 to induce full apoptotic effect. Because Ad-p202 infection could sensitize otherwise resistant MDA-
PARP is also a substrate for caspase-3, which is considered to be MB-468 cells to apoptosis induced by TNF-cs, which correlates
a crucial enzyme commonly activated during apoptosis (17), we with a loss of TNF-ct-induced NF-KB DNA binding activity.
examined whether the activation of caspase-3 plays a role in Antitumor Activity of Ad-p202 in Cancer Xenograft
Ad-p202-induced apoptosis. To that end, we infected MDA- Models. To test the efficacy of Ad-p202 treatment in an ortho-
MB-468 cells with either Ad-p202 or Ad-Luc in the presence of topic breast cancer xenograft model, we implanted MDA-MB-468
a caspase-3-specific inhibitor, Z-DEVD-fmk (18). As shown in cells (2 X 106 cells) into mammary fat pads of female nude mice.
Fig. 4, the level of PARP cleavage product in Ad-p202-infected Treatment began when tumor size reached -0.5 cm in diameter
MDA-MB-468 cells is significantly reduced to 8.9% (Lane 7) (about 2 weeks after implantation). We then treated tumor-bearing
with Z-DEVD-fmk treatment as compared with that without mice (7 tumors/treatment group) with either Ad-p202 or control
Z-DEVD-fmk (57.4%; Lane 3). As a control, no detectable virus Ad-Luc (I X 109 pfu/treatment) via i.t. injection. Treatments
PARP cleavage was observed in Ad-Luc-infected cells treated were administered twice per week for 7 weeks and once a week
with Z-DEVD-fmk (Lane 6). Thus, this result suggests that the thereafter. Tumor size was measured by using the following for-
activation of caspase-3 is critical for Ad-p202-mediated apo- mula: tumor size = 1/2 X L X S2 , where L and S are the longest
ptosis. To further confirm this observation, we infected a and shortest diameters measured, respectively. The tumor size
caspase-3-null breast cancer cell line, MCF-7 (19), with Ad- distribution with Ad-p202 or Ad-Luc treatment at two time points
p202 or Ad-Luc, followed by flow cytometry analysis. We (day 25 and day 67) is presented. Whereas there was little differ-

observed that although p202 was readily expressed as deter- ence at the early stage of treatment (Fig. 5A, day 25; P = 0.13), the
mined by Western blot, the Ad-p202-infected MCF-7 cells Ad-p202-treated tumors grew significantly slower than those
yielded the similar level of apoptosis as that of the controls, i.e., treated with Ad-Luc on day 67 (P = 0.04). This result supports the
mock and Ad-Luc infection (data not shown). Therefore, our idea of a p202-based gene therapy in breast cancer treatment.
data suggest that the activation of caspases is critical for Ad- Because breast cancer is a metastatic disease, it is critical to develop
p202 to exert full apoptotic effect. a systemic delivery system for p202 gene transfer. Although the

Ad-p202 Infection Sensitizes Breast Cancer Cells to antitumor effect by i.t. treatment is encouraging, no report has
TNF-ot-induced Apoptosis. We tested whether Ad-p202 in- shown a therapeutic effect by systemic administration of p202 in a
fection could also sensitize breast cancer cells to TNF-Os- cancer xenograft model. We then performed systemic gene therapy
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Fig. 5 Antitumor effect by systemic delivery of Ad-p202 in an orthotopic breast cancer xenograft model. A, Ad-p202-mediated antitumor effect on
breast cancer xenografts by i.t. treatment. MDA-MB-468 cells (2 X 106 cells) were implanted in mammary fat pads of each female nude mouse.
Tumor-bearing mice were divided into two treatment groups, Ad-Luc (total, 7 tumors) and Ad-p202 (total, 7 tumors), at I X 109 pfu/treatment via
i.t. injection. Treatment started when tumor reached 0.3 cm in diameter with a treatment schedule of twice a week for 7 weeks and once a week
thereafter. Tumor size in each treatment group was presented at the indicated time, i.e., day 25 and day 67. t test: *, P = 0.13; and **, P = 0.04.
B, Ad-p202-mediated antitumor effect on breast cancer xenografts by systemic treatment. MDA-MB-468 cells (2 X 106 cells) were implanted in
mammary fat pads (2 tumors/mouse) of female nude mice. Tumor-bearing mice were divided into two treatment groups, Ad-Luc (total, 14 tumors)
and Ad-p202 (total, 14 tumors), at 5 X 10 pfu via tail vein injection. Treatment started when tumor reached 0.5 cm in diameter with a treatment
schedule of twice a week for 5 weeks and once a week thereafter. Tumor size in each treatment group was presented at the indicated time, i.e., day
25 and day 43. t test: ***, P = 0.0097; and ****, P = 0.014. C, apoptosis correlates with p202 expression in Ad-p202-treated breast tumors. Mice
were sacrificed 24 h after the last systemic treatment as described above. Tumors were then excised and fixed for the subsequent immunohistochemical
analysis. p202 expression was analyzed by using an antibody specific for p202 on tumor samples obtained from Ad-p202- or Ad-Luc-treated mice
(14). The TUNEL assay was also performed to detect apoptotic cells in these tumors (15). The arrows indicate the representatives of apoptotic cells.

experiments by treating tumor-bearing mice with Ad-p202 or Ad- gene therapy treatment for breast cancer. Because Ad-p202 induces
Luc (5 X 10' pfu/treatment, 14 tumors/group) through tail vein apoptosis in vitro (Fig. 3), it is likely that the observed antitumor
injection. Treatments were administered twice per week for 5 activity may correlate with enhanced apoptosis in Ad-p202-treated
weeks and once a week thereafter. As shown in Fig. 5B, Ad-p202- tumors. To test this possibility, we examined the presence of
treated mice had a significantly reduced tumor growth rate as apoptosis in breast tumors treated systemically with Ad-p202.
compared with the Ad-Luc-treated mice on day 25 (P = 0.0097) Immunostaining for p202 protein and apoptotic cells were per-
and day 43 (P = 0.014). The above-mentioned observation formed 24 h after the last Ad-p202 and Ad-Luc treatment. As
strongly suggests the feasibility of using a systemic p202-based shown in Fig. 5C, p202 expression was readily detected by immu-
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nohistochemical staining in Ad-p202-treated tumors but not in ertheless raise the possibility of using p202-based gene therapy

tumors treated with Ad-Luc. Interestingly, strong p202 expression in systemic cancer treatment. In Ad-p202-treated tumors, we

was found in endothelial cells of a tumor blood vessel. It may be also found a reduced level of an angiogenic marker, vascular

due to systemic delivery of Ad-p202. As predicted, apoptosis, as endothelial growth factor (data not shown). This observation is

determined by TUNEL assay, is prevalent in Ad-p202-treated consistent with the ability of p202 to inhibit angiogenesis (4).

tumnors but not in Ad-Luc-treated tumors (Fig. 5C). The arrows In addition to prostate (data not shown) and breast cancer

indicate the representatives of apoptotic cells. This observation is xenograft models (this study and Ref. 5), the fact that Ad-p202
consistent with our in vitro data showing that p202 expression treatment resulted in an antitumor effect on a pancreatic cancer
induces apoptosis (Fig. 3). We have also performed a similar xenograft model (data not shown; Ref. 4) suggests a general

Ad-p202 preclinical gene therapy treatment in a human pancreatic application of p202-based gene therapy in cancer treatment. In
cancer xenograft model (4). Consistent with the data presented addition, because p202 sensitizes cells to TNF-a-induced apo-
here, Ad-p202 treatment (by i.t. injection) inhibited tumor growth ptosis (this study and Ref. 5), our data further support the
and induced apoptosis in tumors (data not shown). Taken together, possible use of Ad-p202/TNF-u. combined therapy to achieve
the above-mentioned observations strongly indicate that p202 is a better efficacy, especially for cancer cells that are resistant to
potent tumor-suppressing agent, and its apoptosis-inducing activity TNF-ot therapy. Experiments are under way to test this possi-
contributes to the multiple p202-mediated antitumor activities. bility in animal models. Taken together, the data we present here

strongly suggest that Ad-p202 is a potent therapeutic agent

DISCUSSION suitable for further development in cancer gene therapy.

In this report we showed that, consistent with our previous
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We identified IFIX as a new member of the hematopoietic Introduction
interferon (IFN)-inducible nuclear protein with the 200-
amino-acid repeat (HIN-200) family. Six different alter- The interferon (IFN) family of cytokines is known
natively spliced forms of mRNA are transcribed from the for its growth-inhibitory activity, which plays an
IFIX gene, which are predicted to encode six different important role in IFN-mediated antitumor activity
isoforms of IFIX proteins (IFIXo1, o2, #1, #2, yl, and (Kimchi et al., 1988). Proteins induced by IFN are
y2). The IFIX proteins are primarily localized in the thought to play important roles in mediating the
nucleus. They share a common N-terminal region that antitumor activity of IFN (Lengyel, 1993). HIN-200
contains a predicted pyrin domain and a putative nuclear family proteins are IFN-inducible proteins that share a
localization signal. Unlike IFIXa and IFIXf, IFIXy 200-amino-acid signature motif of type a and/or b.
isoforms do not have the 200-amino-acid signature motif. Three human (IF116, MNDA, and AIM2) and five
Interestingly, the expression of IFIX was reduced in most mouse (p202a, p202b, p203, p204, and D3) HIN-200
human breast tumors and breast cancer cell lines, family proteins have been identified (Johnstone and
Expression of IFIXaI, the longest isoform of IFIX, in Trapani, 1999; Choubey, 2000). Genes encoding HIN-
human breast cancer cell lines reduced their anchorage- 200 family proteins are located at chromosome 1q21-23
dependent and -independent growth in vitro and tumor- and form a gene cluster in both mouse and human
igenicity in nude mice. Moreover, a liposome-mediated (Johnstone and Trapani, 1999). HIN-200 proteins are
IFIXoI gene transfer suppressed the growth of already- primarily nuclear proteins involved in the transcrip-
formed tumors in a breast cancer xenograft model. tional regulation of genes important for cell cycle
IFIXotl appears to suppress the growth of breast cancer control, differentiation, and apoptosis (Johnstone
cells in a pRB- and p53-independent manner by increasing and Trapani, 1999; Choubey, 2000). The antitumor
the expression of the cyclin-dependent kinase inhibitor activity of HIN-200 proteins has been demonstrated.
p21c"', which leads to the reduction of the kinase activity In particular, we have shown that p202a suppressed
of both Cdk2 and p34Cc. Together, our results show that tumor growth, reduced tumorigenicity, induced
IFIX•l possesses a tumor-suppressor activity and suggest apoptosis, and suppressed metastasis and tumor
IFIXoc may be used as a therapeutic agent in cancer angiogenesis of human cancer cells (Wen et al., 2000,
treatment. 2001: Ding et al., 2002). The amino-acid sequence
Oncogene (2004) 23, 4556-4566. doi:l0.1038/sj.onc.1207592 identity between the three human HIN-200 family
Published online 3 May 2004 proteins and the mouse p202a are 40% or less, thus

none of these human proteins appears to be the ortholog
Keywords: IFIX; interferon: HIN-200: p2l"": breast of p202a. In a search for potential new human HIN-200
cancer proteins, we have identified a new member of the human

HIN-200 protein family, IFN-inducible protein X
(1FIX). There are at least six IFIX isoforms encoded
by alternatively spliced mRNAs (Figures I a and 2a). We
show here that the mRNA level of IFIX is reduced in
breast tumor tissues and breast cancer cell lines and that
expression of IFIXYI reduces growth and tumorigeni-
city of breast cancer cell lines that have undetectable
levels of IFIX expression. We also demonstrate the

*Correspondence: D-H Yan, Department of Molecular and Cellular treatment efficacy of an IFIX I-based gene therapy in
Oncology, The University of Texas, MD Anderson Cancer Center. an orthotopic breast cancer model. Together, our data
1515 Holcombe Blvd., Houston, Texas 77030. USA. Tel: 713-792-
3677, Fax: 713-794-0209; E-mail: dyan(amdanderson.org suggest that IFIXal functions as a tumor suppressor
Received 16 Jul% 2003: revised 30 October 2003: accepted 29 January and may be developed as a therapeutic agent in breast
2004: Published online 3 May 2004 cancer treatment.
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Figure 2 Structures of IFIX isoforms. a. Schematics of the ]FIX gene. Exons of the IFIXgene are shown as open boxes and the exon
numbers are indicated, the size of exons and introns are not drawn to scale. Alternative splicing events that result in various IFIX
isoforms are indicated. Arrow indicates a putative transcriptional start site determined by 5' rapid amplification of eDNA ends. AUG:
the translation initiation codon; PYD: the putative pyrin domain; A27: the 27 bp absent in the a2, #32, and 72 isoforms; the hexagons:
stop codons of the a, /3, and ? isoforms; PA: polyadenylation signal; MFHATVAT: an amino-acid sequence shared among HIN-200
proteins. a: the type a 200-amino-acid repeat; STP: serine/threonine/proline-rich region. The predicted size of each isoform is as
follows: ad, 492 aa, a2, 483 aa, #31, 461 aa, [32, 452 aa. , 1, 246 aa, and 72, 237 aa. b: The nine amino acids (VANKIESIP) absent in
isoforms o!2, /l2, and T2 are italicized. c: The C-terminal amino-acid sequences of isoforms a and P3. Amino acids different between
isoforms a and #3 are italicized and underlined. d: The unique C-terminal amino-acid sequence of the , isoforms. Amino acids of T
isoforms different from isoforms a and fl are italicized and underlined. The MFHATVAT signature motif of HIN-200 proteins in a and
/3 isoforms is underlined

The IFIX cDNAs were obtained by RT-PCR using that, like most of the HIN-200 proteins, the IFIX
total RNA isolated from IFN-a-treated Daudi cells, proteins are primarily nuclear proteins. Consistent
Each cDNA clone was confirmed by DNA sequencing. with the notion that HIN-200 genes are IFN inducible,
We identified at least six IFIX isoforms (al, ot2, /I, /2, the IFIX mRNA levels are characteristically induced
71, and T2) that are homologous to other human and by IFN-at and IFN-T in several human cancer cell lines
mouse HIN-200 proteins (Figure la). The identity of hematopoietic origin (Figure 3a). A tissue distribu-
between the amino-acid sequence of ]FIXa1 and other tion study showed that IFIX mRNA (-2.4kb) is
members of human HIN-200 family is: IF116, 67%; readily detected in the spleen, lymph node, and
MNDA, 53%; and AIM2, 31% (Figure lb). IFIX is peripheral blood leukocyte, but to a less extent in
unlikely to be the human ortholog of p202a because the thymus, bone marrow, and fetal liver (Figure 3b). No
similarity between the amino-acid sequences of IFIX detectable level of IFIX mRNA was found in adult
and p202a is only limited to the type a 200-amino-acid brain, heart, skeletal muscle, colon, kidney, liver, small
signature motif (Figure ]a). The IFIX isoforms are intestine, placenta, and lung (data not shown). These
likely derived from the alternative splicing based on the results suggest that IFIX expression may be involved in
comparison between the cDNA sequences and the immune response.
genomic sequence (Figure 2a). IFIXot2, #32, and 72 have
a deletion of identical nine amino acids, that is, IFIXis downregulated in human breast cancers
"5VANKIESIP (resulting from alternative splicing), in
their N-terminal region when compared to IFIXcl, /#1, AIM2 has been suggested to play a role in tumorigenesis
and T1 (Figure 2b). The cx and / isoforms contain a type (De Young et al., 1997). We therefore investigated
a 200-amino-acid signature motif of HIN-200 proteins whether the expression of IFIX was altered in human
whereas T isoforms do not have this motif. The C- cancers. We examined the expression of IFIX using a
termini of a, fl, and y isoforms are diverse due to panel of commercially available human cDNAs derived
alternative splicing (Figure 2c and d). The IFIX from 12 normal breast tissues (normal) and 12 breast
isoforms share a common N-terminal region, which carcinoma tissues (tumor) (Origene Technologies, Inc.
contains a predicted pyrin domain (amino acids 3-88), a Rockville, MD, USA see Materials and methods) by
protein-protein interaction module involved in apopto- PCR using primers specific to IFIXct. As shown in
tic and inflammatory signaling pathways (Fairbrother Figure 4a, IFIXc expression is detectable in 10 out of 12
et al., 2001; Martinon et al., 2001; Staub et al., 2001). In normal breast tissue samples. In contrast, only two out
addition, the N-terminal region also contains a putative of 12 breast carcinoma tissues have detectable IFIXc•
nuclear localization signal, '34LGPQKRKK (Figure lb, expression. This result suggests IFIX is downregulated
Dawson and Trapani, 1995). Consistent with that in breast tumors. We further tested this correlation in
prediction, we found the stably transfected IFIXaI as the matched normal and tumor tissues collected from
well as the EGFP-tagged IFIXcI, /3l, and T1 fusion five breast cancer patients by RT-PCR using primers
proteins are localized in the nucleus (Figure 8a and b). specific to IFIXot. The expression of IFIXc was detected
Interestingly, while IFIXeI and IFIXfll are primarily in all tissues examined however, the level of IFIXc• in
localized in the nucleoplasm, IFIXI forms a speckled tumor tissue was lower than that in the normal tissue of
nuclear pattern (Figure 8b). This observation suggests each patient (Figure 4b). We also examined the
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a U937 Daudi Raji HL-60 (Figure 4c and 7a). These data show that the expression

-C a y, C a y C c y C , y IFN of IFIX is reduced in breast cancer and suggest IFIX
28S- .may function as a tumor suppressor. To determine the

W Vl * -IFIX identity of IFIX isoforms in the IFIX-expressing
Ils- cell lines, we performed RT-PCR using specific primers

for these isoforms. As shown in Figure 4d (top and
2middle panels), the IFIXi, P3, and 7 isoforms are present

in these cell lines, although the 27-bp deletion in the 'form
es-T2' isoforms cannot be distinguished at this gel resolution.

To further determine the presence of the 'form 2'

b isoforms, we designed primers that flank the A27 region
Kb Sp LN Thy PBL BM FL (Figure lb and 2a) followed by RT-PCR. Consistent
4.4-- : -* -• -- • .. .. with the fact that the 'form 2' isoforms were isolated

"from Daudi cells, the expression of 'form 2' isoforms is
detectable in Daudi cells, but the expression levels are
much lower than that of the 'form 1' isoforms with the

2.44 IFIX 27-bp region (Figure 4d, bottom panel). However, under

AL Actin a bp M C 1 2 3 4 i 6 7 8 9 10 11 2

NormalFigure 3 (a) Induction of IFIX expression by IFN. The IFIX 600 -ti

mRNA in the indicated cell lines without treatment (c) or treated 4L

with 100 U/ml of IFN7 (c) or IFNy (,) was detected by Northern 300
blot analysis. The 18S and 28S rRNAs serve as loading controls. (b) NS
IFIX expresses mainly in the secondary lymphoid organs. The -m
Multiple Tissue Northern blot (BD Biosciences) was hybridized Tun0r 0 -to
with an IFIXol cDNA probe. The IFIX mRNA (IFIX) band is L-E
indicated. The actin mRNA served as the loading control. Sp:

spleen; LN: lymph node; PBL: peripheral blood leukocyte; Thy:
thymus; BM: bone marrow; FL: fetal liver. The molecular weight b #1 #2 #3 #4 #5
markers (Kb) are indicated MW C N T N T N T N T N T

bp- 
GAPDH

expression of IFIX in a panel of human breast epithelial W moxtxot2W0-

cell lines. IFIX expression was detected in all the three 100
nontumorigenic cell lines. In contrast, seven out of nine
breast cancer cell lines did not express detectable IFIX C Norwsfo•med Tromomed

0__ _ _--__ _ _ _ _,__ __,

Figure4 Reduced expression of IFIX in human breast tumor and U
breast cancer cell lines. (a) Reduced expression of IFIX in human 285-
breast tumors. The commercially available human cDNAs derived
from 12 normal breast tissues (normal) and 12 breast carcinoma i 10 InX
tissues (tumor) (Origene Technologies, Inc.) were analysed for s
IFIX expression by PCR using primers specific to IFIXa. The
IFIXaI cDNA was used as a control (C). Molecular weight
markers (M) are indicated. The IFIXY and /3-actin specific bands i GAPDI,
are indicated. NS: nonspecific PCR products. Samples positive for
IFIXa. expression are indicated by solid triangles. (b) Reduction of
IFIXY mRNA levels in breast cancer. The IFIXa mRNA levels in
normal breast (N) and breast cancer (T) tissues from five breast <
cancer patients were determined by RT-PCR using primers specific l P1 ad M K B
to IFIXY. C, an IFIXil cDNA clone used as the template in PCR. G 0
RT-PCR of GAPDH was used as a control for the RNA quality 0.3
and quantity. (c) Reduction of IFIX mRNA levels in breast cancer o0.1
cell lines. IFIX mRNA in 20pg of total RNA isolated from L <
indicated cell lines was determined using Northern blot analysis. -1 M K6
GAPDH mRNA on the same blot was subsequently detected to 1.6
serve as an RNA-loading control. (d) The presence of IFIX Y_-.0
isoforms in the IFIX-expressing cell lines. RT-PCR was performed GAP00 M
using primers specific for IFIXY, /3, (top panel) or;' (middle panel).
and the 'form 2' (indicated by an arrowhead, bottom panel) in < <" -

Daudi, MCF-10A (10A), MCF-12A (12A), MDA-MB-231 (231), 0.a-j
and MDA-MB-435 (435). The IFIXaI, a2, Pl1, and yl cDNAs were 0.2
used as controls
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our experimental conditions, the 'form 2' isoforms suppress cell growth, we stably expressed IFIXal in
appeared to be not expressed or undetectable in other MDA-MB-468 and MCF-7 cells (Figure 5b). Examina-
IFIX-expressing cell lines, tion of the growth rates of the control cell lines (parental

(P) and empty vector stable cell line (V)) and two
independent IFIXal-expressing cell lines (X-1 and X-2)

IFIX cx suppresses breast cancer cell growth and derived from MDA-MB-468 and MCF-7 cells showed
tumorigenicity that the expression of IFIXotl reduced the growth of

As the first step to investigate the potential role of IFIX breast cancer cells (Figure 5c). The soft agar assay was
in tumor suppression in breast cancer, we use IFIXoI used to determine the effect of IFIXcI on the in vitro
for subsequent studies because it is the longest isoform transformation property. As shown in Figure 5d, the
of IFIX and possesses the most structural features number of foci of IFIXal-expressing derivatives (X-l
among IFIX isoforms (Figure la and lb). IFIXoI is and X-2) was reduced as compared with the control cell
predicted to contain 492 amino acids with an apparent lines (P and V). This result indicated that IFIXaI
molecular weight of -53kDa. To investigate the suppressed the transformation phenotype of breast
possible tumor-suppressor function of IFIXcI, we cancer cells and predicted a loss of tumorigenicity of
employed two human breast cancer cell lines, MCF-7 IFIXcl-expressing breast cancer cells. To test that
and MDA-MB-468, which express very low levels of possibility, the tumorigenicity of the IFIXc I-expressing
endogenous IFIX (Figure 4c, 5a, and 7b). Consistent derivative 468-X-2 was then investigated by implanting
with a previous report (Gooch et al., 2000), we showed 468-X-2 and the control, MDA-MB-468 cells into the
that IFN-'y treatment suppressed the growth of these mammary fat pad (MFP) of 6-week-old female nude
breast cancer cells (Figure 5a, top panel), which mice. As shown in Figure 5e, while MDA-MB-468 cells
correlated with the induction of IFIX (Figure 5a, (P) are highly tumorigenic, the tumorigenicity of 468-X-
bottom panel). To determine whether IFIX could 2 cells (X) is significantly reduced. Given that IFN is

known to mediate growth inhibition and tumor
suppression in breast cancer (Zhang et al., 1996;

a '1 b Coradini et al., 1998; Gooch et al., 2000), our data
13 suggest that IFIXal is a major mediator of the tumor-

1W suppressor activity of IFN.
I 9' MCF-7

V X-1 X-2 __

,,,, Ant-Rag Figure 5 Suppression of the growth and tumorigenicity of breast

AMo cancer cells by IFIXxI. (a) IFN-y induces IFIX expression in breast
cancer cells. Top panel: MCF-7 and MDA-MB-468 cells were

MCF-r OAM"4*8 MDA-MB468 treated with (open bars) or without (solid bars) IFN-y (1000 U/ml)
IF V X- X-2 in DMEM/F12 media containing 0.25% fetal calf serum for 48h.

bp - C - ¢D . Ant-Rag The growth of the cells was measured by MTT assay. The
I.CF-7 H

0
_ -, experiment was run in triplicate and represented as the mean-±-s.d.

NDANMB468'ýO'ý ý [' • Amn The asterisks represent the statistically significant differences due to
the IFN-7 treatment. *P<0.0005, **P<0.036. Bottom panel: Total

C RNAs isolated from MCF-7 and MDA-MB-468 cells treated with
"20 25- or without IFN-' (1000U/ml) under the same condition as

2 MCF-7 MDA-MB-468 - described above were analysed for IFIX expression by RT-PCR.
----- P t 20- GAPDH was used as an internal control. The IFIXgl cDNA was"5 V "-' 0- used as a specificity control (C). Molecular weight markers (M) are

1 --- v indicated. (b) Expression of exogenous IFIXaI in breast cancer cell
10 .--- X-i lines. The Flag-tagged IFIXaI in lysates from clones expressing

0 X 10. @ X-2 Flag-tagged IFIXoI (X-1 and X-2) and the empty vector (pCMV-

,I Tag2B) (V) control clones were detected by Western blot using an
5 anti-Flag antibody. The actin protein levels serve as loading

3 5 7 ° growth rate of IFIXal-expressing clones (X-1 and X-2), the
controls. (c) Reduced growth rates in IFIXal stable cell lines. The

parental (P) and the empty vector (V) control clones was measuredDays Days by MTT assay. Each measurement was made in quadruplicate. The

d 5so e 0.9 relative absorbance at 570nm was determined by setting the
0 0 absorbance on day 1 at 1. The range of variation at some data

I 0. p<.02 points is too small to be seen. (d) Suppression of in vitroS0.76 transformation by IFIX. The parental (P), the empty vector (V),
100- or IFIXaI stable cell lines (X-1 and X-2) derived from MDA-MB-

0.5- 468 or MCF-7 cells were seeded in soft agar and the colony number
S0.4- was scored at 3 weeks after seeding. The relative colony numbers of

3. 0.3- IFIX 1l-expressing clones are compared with that of their parental

so 
0. 

orSIqIsal 
ellns(- 

n -)drvdfo 
D-

o 0.2- cells (100%). (e) Suppression of tumorigenicity by IFIXa . 468-X-2T 0.1. and the control, MDA-MB-468 (P) cells were implanted into the
- -, • . " MFP of 6-week-old female nude mice at two sites per mouse, three

P X P X P X mice per group. The actual size of each tumor at the indicated time
P v x-I x-? P v x-1 x-2 18 34" t points after implantation is presented. Horizontal bars indicate the
MDA-MB-468 MCF-7 Days average tumor size. t-test: *P<0.02
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IFIXoIl treatment results in therapeutic efficacy inhibitor (CKI) p2lCIP (Naldini et al., 2002; Zhou et al.,

To rule out the possibility that the reduced tumorigeni- 2002). As the expression of IFIXoI is induced by IFN
city of 468-X-2 was due to clonal variation (Figure 5e) (Figure 3a and 5a), we therefore investigated the mRNA

dtoe cond es and protein levels of p21cm in IFIXcI stable transfec-
and to test whether IFIXd could suppress breast tumor tants. As shown in Figure 7a and b, both p2 1c"" protein
growth, we performed a preclinical gene therapy and mRNA levels are upregulated in IFIXcd stable cell

experiment using an orthotopic breast cancer xenograft lines (X-1 and X-2) as compared with the control cell

model. Female nude mice were inoculated with MDA- lines (P and V) Howe tre are no d ele
MB-68 ell ino teirMFPandtumrs ereallwed lines (P and V). However, there are no detectable

MB-468 cells into their MFP and tumors were allowed changes in the expression of other CKIs, such as p27K111,
to grow to 0.5cm in diameter. Tumors were then p57 112 and p16lN , in IFIXal-expressing derivatives
injected with the liposome SN2 complexed with either (data not shown). Since p21cl" is a universal CKI,(dataFnot shown).sSinceector (isMa-universalrCKn
an IFIXov-expression vector (CMV-IFIXScw) or an upregulation of p21cIl should inactivate the kinase
empty vector (pCMV-Tag2B). SN2 was selected as the activity of Cdk2 in IFIXgI stable cells. Therefore, we
gene delivery system because it is a nonviral, stable used an immunocomplex kinase assay to determine the
liposome-forming cationic lipid formulation and has Cdk2 kinase activity in IFIXcI stable cell lines and
been proven to be highly efficient in gene delivery (Zou control cells. As expected, Cdk2 activity is reduced in
et al., 2002). As shown in Figure 6, the CMV-IFIXcd/ 468-X-2 and MCF-X-2 as compared to their respective
SN2 (X) treatment yielded significant antitumor activity parental cells (Figure 7c). Western blot indicates that
as compared to the pCMV-Tag2B/SN2 (V) treatment, there are comparable amounts of Cdk2 protein used in
This observation suggests that the reduced tumorigeni- the kinase assay. However, since MDA-MB-468 cells
city seen in 468-X-2 (Figure 5e) is likely caused by IFIX lack pRB and express mutant p53 (Yin et al., 2001),
expression and not by clonal variation. More impor- inhibition of MDA-MB-468 cell growth by IFIXcd
tantly, this result indicates that IFIXcxl possesses cannot simply be attributed to the inactivation of Cdk2
antitumor activity and shows the feasibility of an leading to GI/S-phase arrest (MacLachlan et al., 1995).
IFIX-based gene therapy for breast cancer treatment. One possible explanation was that p21c 1 also inhibits

p34Cdc2 , a G2/M-phase Cdk (Yu et al., 1998). We

IFIXcI upregulatesp21"P' examined the p34"c 2 kinase activity in IFIXocl-expres-
sing MDA-MB-468 cells and found that it was much

IFN-induced growth arrest is known to be associated lower than that of the control cells (Figure 7c). This
with an elevated level of the cyclin-dependent kinase result suggests that inactivation of p34Cdc 2 may con-

tribute to the IFIXal-mediated growth inhibition in
MDA-MB-468 cells. To further confirm this observa-
tion, we performed a flow cytometry analysis to

*P---0.1 determine any changes in the cell cycle distributions
**P<0.0001 caused by the expression of IFIX. As shown in

0.4- 0 Figure 7d, a significant Gl-phase accumulation and S-
phase reduction was observed in MCF-X-2 cells. In
contrast, 468-X-2 cells exhibited a significant S- and G2/
M-phase accumulation. This observation not only

0.3- 0 provides an explanation for the slower growth rate of
0 IFIX stable cell lines (Figure 5c) but also correlates with
-_the inactivation of Cdk2, leading to Gl-phase accumu-

1 0.2- • lation in MCF-7 in which pRB/E2F pathway is intact
* and the inactivation of p34Cc 2 , resulting in a blockage of

G2/M-phase entry in MDA-MB-468 in which pRB/E2F
pathway is defective. Together, the data suggest that the

0.1- p53/pRB-independent p21CIP upregulation contributes
0 * • to IFIXal-mediated antitumor activity in breast cancer

L + cells. To test the ability of different IFIX isoforms to
0 -, 1 1 1 1 I I induce p2lcIP, we transiently transfected MCF-7 cells
V X V X V x V x with the plasmids encoding EGFP-tagged IFIXcI, #31,

1 * 1** 32 ** 64"* or 71 fusion protein followed by immunostaining with
Day the p21C "-specific antibody. As shown in Figure 8b, the

Figure 6 The antitumor effect of IFIXI/SN2 liposome treatment expression of IFIXal or /31 mainly coincides with the
in an orthotopic breast cancer xenograft model. Orthotopic breast expression of p21c'm in the nucleus (64 and 52%,
tumors were established by inoculating MDA-MB-468 cells into respectively). In contrast, like the empty vector (EGFP)
the MFP of nude mice and the treatments began at tumors about control, the expression of IFIXTl has little effect on the
0.5cm in diameter. Tumors were treated twice weekly with SN2 expression of p21c" (0.95 and 2%, respectively).
mixed with either CMV-IFIXgI (X) or pCMV-Tag2B (V). The
actual size of each tumor at the indicated time points after Together with a unique speckled nuclear pattern, our
treatments begun is presented. Horizontal bars indicate the average observations indicate that IFIXyl may function differ-
tumor size. t-test: *P=0.1, **P<0.0001 ently from IFIXcl//3I, and it also suggests that the

Oncogene



IFIX suppresses breast tumorigenesis
Y Ding et al

4562
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b c
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V X-2 V X-2 P X-2 P X-2
28 -I_ 1i IPM: Cdk2 b Phase Contrast DAPI FITC p21

U h-IFIX IP: Cdk2
18 S-

20 a- H IKinase EGFP
S MDA-MB468

is 0 ~P21 P X-2
Is _ 1p;: p34•cc2 EGFP-IFIXaI/MEN

0 OW IP: p341*2

18S ~ H IK~nase

EGFP-IFIXPI

61 M% SW% 62MM(%

MCF-7 V 4635+135 45.70+0.30 7.95+ 1.05 EGFP-IFIXy1I
X-2 68.35+2.45 2440+220 7.2.+025

MDA-MB-46 542539 30503M 152505 Figure 8 IFIX proteins are localized in the nucleus. (a) The stably

X-2 34.35±1.35 43.65_055 22-00± 1.90 transfected IFIXaI protein is localized in the nucleus. Cytoplasmic
(C), nuclear (N), or whole cell extracts (WCE) isolated from MCF-

Figure 7 Upregulation of p2l"'l by IFIXcI. (a) Increased p21c1rI X-1, MCF-X-2, or the MCF-7 empty vector control cells (V) were
protein levels in MDA-MB-468 and MCF-7 IFIXal stable cells, analysed for IFIXal expression by Western blot using an anti-Flag
Cell lysates isolated from 468-X-1, 468-X-2, MCF-X-I, MCF-X-2, antibody. The same blot was used to verify the quality of the
and the control parental (P) and empty vector (V) cell lines were extracts using the antibodies against the nuclear protein, PARP,
analysed by Western blot using an anti-p2lcI'l antibody. Actin and the cytoplasmic protein, ca-Tubulin. (b) The transiently
served as the loading control. (b) Increased p21l"" mRNA levels in transfected IFIXod protein is localized in the nucleus. MCF-7 cells
MDA-MB-468 and MCF-7 IFIXod stable cells. Total RNA (20/jg) were transfected with the plasmid encoding EGFP-tagged IFIXOl,
isolated from 468-X-2, MCF-X-2, and the corresponding empty ll, or y1 protein. The EGFP-expression vector serves as a control.
vector (V) control cell lines were analysed by Northern blot using Phase contrast, nuclear staining (DAPI), green fluorescence
an IFIXal or p2l""'I probe as indicated. The 18S and 28S rRNA (FITC), and Texas Red for p2lcIm staining (p21) of each
bands on the membrane after transfer stained by ethidium bromide transfection are shown. At 48 h after transfection, the percentage
serve as loading control. (c) Inhibition of the kinase activity of of p2lcIp'-positive in EGFP-positive cells was counted for each
Cdk2 and p34(c-2 by IFIXal. Cell lysates isolated from 468-X-2, transfection: EGFP (0.95%, 1/105), IFIXcI (64%, 68/107), IFIXfl
MCF-X-2, and the parental (P) control cell lines were immuno- (52%, 55/106), and IFIXyl (2%, 2/100). Cells were examined at
precipitated by Cdk2 (or p34C', 2)-specific antibody followed by x 60 magnification
Histone HI (H1) kinase assay. Immunoprecipitation followed by
Western blot (IP/W) with Cdk2 or p 34(11- antibody served as the
loading control. (d) IFIX expression affects cell cycle distribution.
The IFIX-expressing cells (X-2) and the empty vector control cells the expression of 'form 2' isoforms is required to
(V) derived from MCF-7 and MDA-MB-468 cells were subjected to
flow cytometry analysis. The percentage of each cell line in G1, S, determined whether 'form 2' expression is specific in
and G2/M phases was calculated. This result was obtained from hematopoietic cells and/or caused by IFN treatment.
two independent experiments Using a commercial cDNA expression panel, we found

that IFIXoý was detectable in only two out of 12 breast
carcinomas, whereas most (10 out of 12) of the normal

200-amino-acid domain may be responsible for the breast tissues have detectable IFIXct expression
upregulation of p21cm. (Figure 4a). This result was consistent with that of five

pairs of matched normal versus tumor samples we
collected from patients in which IFIXa expression is

Discussion downregulated in all tumor samples as compared with
that of the matched normal breast tissue samples

We identified IFIX as a new member of the human (Figure 4b). Furthermore, seven out of nine breast
HIN-200 protein family. At least six isoforms were cancer cell lines examined in this study have no
identified in Daudi cells. Interestingly, while the 'form 1' detectable IFIX, while IFIX expression is readily
isoforms are present in IFIX-expressing cells such as detectable in the nontransformed breast cell lines
MCF-10A, MCF-12A, MDA-MB-231, and MDA-MB- (Figure 4c). Although it is possible that the signals on
435, the 'form 2' isoforms were either missing or the northern blots may come from other HIN-200 genes
undetectable in these cells. A systematic analysis on due to sequence homology, we consider the IFIXaI
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cDNA probe used in these experiments is quite specific levels of IFIX (Figure 4b), including two recurrent
based on the size and the tissue distribution patterns of metastatic breast tumors in the chest wall (#1 and #2)
IFIX mRNA. First, the size of IFIX mRNA (including and three primary breast tumors (#3, #4, and #5).
all isoforms) is -2.4 kb (between 28S and 18S) (Figure Moreover, except the BT-474 cell line which was isolated
3a and b), which would effectively rule out the HIN-200 from a solid invasive ductal carcinoma, all breast cancer
genes MNDA (2.0 kb, at 18S) and AIM2 (1.8 kb, below cell lines used for Northern blot analysis shown in
18S) (De Young et al., 1997). However, the size of IFI16 Figure 4c were isolated from metastatic breast tumors:
mRNA is -2.7kb, it is possible that it may migrate MCF-7, T47-D, MDA-MB-435, MDA-MB-231, and
closely with IFIX mRNA. Second, in contrast to the MDA-MB-468 (pleural effusion); MDA-MB-361 (brain
expression of IF116 mRNA in lymphoid tissues such as metastasis); MDA-MB-453 (effusion); and ZR-75-1
spleen, thymus, and peripheral blood leukocyte, and (ascitic effusion). Thus, there is no clear correlation
many other organs (Wei et al., 2003), the expression of between the expression of IFIX and the metastatic
IFIX mRNA is clearly restricted to the secondary potential of breast cancer in human patients.
lymphoid organs such as spleen, lymph nodes, and Compared to the control MDA-MB-468 cells (P and
peripheral blood leukocyte but not the primary lym- V), MDA-MB-468 derivatives that expressed exogenous
phoid organs such as thymus and bone marrow IFIXoI formed fewer colonies in soft agar and resulted
(Figure 3b). Thus, based on the size and tissue in tumors that grew slower in mice, suggesting that
distribution patterns of different HIN-200 mRNAs, we IFIXed suppresses tumorigenicity (Figure 5d and e).
believe that, under our experimental conditions, the However, the differences between IFIXcl-expressing
signals in the Northern blots are mainly generated from derivatives and their parental cells could be due to clonal
the probe hybridizing with IFIX mRNA. Albeit, we difference. Moreover, although stably expressing IFIXol
cannot rule out the possibility that the additional weak in breast cancer cell lines are appropriate for proof-of-
band detected above the IFIX signals in Figure 3b is principle experiments, it is inappropriate for predicting
IF116 mRNA based on its slightly higher molecular treatment outcome in patients. We therefore performed
weight and its expression in the thymus. The IFIX- an IFIXcl-based gene therapy to determine if it would
specific antibodies are being generated to detect IFIX yield efficacy in an orthotopic breast cancer xenograft
proteins by Western blot and immunostaining. Once model. As shown in Figure 6, direct injection of
these critical reagents are available, a more systematic IFIXal complexed with the liposome SN2 into tumors
analysis of IFIX protein expression on the breast and yielded a significant antitumor activity as compared to
normal tumor tissues will be performed to confirm the the empty vector control. This result supports the notion
RT-PCR and Northern blot data presented in this that the reduced tumorigenicity of 468-X-2 (Figure 5e) is
study, and to further investigate the diagnostic and caused by IFIXcd expression and not by clonal
prognostic values of IFIX expression in breast cancer. difference. Importantly, it clearly demonstrates a
To understand how IFIX is downregulated in certain feasibility of using IFIXcI as a potential antitumor
breast tumors or breast cancer cell lines but not in others agent. Since breast cancer is a metastatic disease, this
(Figure 4a and c), further genetic and biochemical observation should set the stage for testing the
analysis is necessary. therapeutic efficacy of IFIXoKI in systemic treatments

The expression of HIN-200 was originally identified in delivered by either SN2 liposome (Zou et al., 2002) or
hematopoietic cells and was thought to be restricted in viral vectors (Ding et al., 2002).
this cell type (Dawson and Trapani, 1996). However, IFN has been shown to increase the expression of
recent reports have shown that IF116 is expressed in p2l1cl and this is critical for IFN to suppress the
epithelial cells in addition to lymphoid cells (Gariglio anchorage-independent growth of breast cancer cells
et al., 2002; Wei et al., 2003). Our finding that IFIX (Gooch et al., 2000). Consistent to that observation, the
expresses in normal breast tissues (Figure 4a and b) and expression of IFIX71, an IFN-inducible protein (Figure
nontransformed breast epithelial cell lines (Figure 4c) 3a and 5a), reduces the growth of breast cancer cells in
supports the notion that HIN-200 expression is not soft agar (Figure 5d) and increases the expression of
restricted in hematopoietic cells. Taken together, these p2lC'I (Figure 7a and b). This observation suggests that
observations suggest that IFIX may play a role in IFIXaI may mediate p2l1cIP upregulation in response to
maintaining the normal growth of epithelial cells and the IFN. The result that IFIXlI is able to upregulate p21cl"
downregulation of IFIX expression may contribute to in MDA-MB-468 cells, which express only mutant p53,
the uncontrolled cell growth and leads to tumorigenesis. indicates the upregulation of p2lc"" by IFIXocI is
It is intriguing that the two breast cancer cell lines that independent of p53. The p53-independent upregulation
express IFIX, that is, MDA-MB-435 and MDA-MB- of p2llpl has been well documented (Cox, 1997; Nadal
231, are metastatic in experimental systems (Price et al., et al., 1997; Fang et al., 2000; Hingorani et al., 2000). In
1990; Zhang et al., 1991). This observation raises a particular, our observation is reminiscent of a previous
possible link between IFIX expression and metastatic finding that overexpression of a mouse HIN-200
potential of breast cancer cells. However, this possibility protein, that is, p202a, also resulted in a p53-indepen-
is not supported by the available information. (The dent upregulation of p2l1cI (Gutterman and Choubey,
manufacturer did not provide the metastasis status of 1999). Since the regulation of p2lcIPl expression could
patient samples used in Figure 4a.) Of the five breast take place on transcriptional and/or posttranscriptional
tumors we collected from patients, all expressed reduced levels (Funk and Galloway, 1998; Dotto, 2000), further
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determination of the half-life of p2lI mRNA and Materials and methods
protein, and the effect on the p2lciw transcriptional
activity by IFIX will be necessary to elucidate the Cell lines andplasmids
mechanism underlying the IFIX-mediated p2lc"I upre- MCF-10A and MCF-12A cells were maintained in DMEM/
gulation. As expected, the upregulation of p2ll leads Fl2 media containing 5% horse serum, 10pg/ml bovine
to hypo-phosphorylation of pRB in ]FIX-expressing insulin, 20ng/ml epidermal growth factor, 100ng/ml cholera
MCF-7 cells (data not shown). However, since MDA- toxin, 0.5 pg/ml hydrocortisone, and 250ng/ml fungizone.
MB-468 cells lack pRB (Yin et al., 2001), the inhibition Daudi, Raji, HL-60, and U937 cells were grown in RPMI
of E2F/pRB pathway by p2lcI1 cannot account for the medium containing 10% fetal bovine serum. All other cell lines

mechanism for IFIX-mediated growth inhibition of were cultured in DMEM/F12 media containing 10% fetal
bovine serum. The IFIXa1 expression vector CMV-IFIXLIMDA-MB-468 cells. Our finding that the kinase activity was constructed by inserting IFIXr1 cDNA into pCMV-

of p34,cd0 is reduced in lFIXoOl-expressing MDA-MB- Tag2B (Flag) (Stratagene, La Jolla, CA, USA). To generate
468 cells (Figure 7c) suggests that IFIXol may suppress IFIXal stable cell lines, CMV-IFIXaI was transfected into
the growth of MDA-MB-468 cells through the inhibi- MDA-MB-468 or MCF-7 cells. After 3 weeks of G418
tion of p3 4 c1,12 kinase activity at the G2/M phase of the selection (500 pg/ml), the G418-resistant colonies were
cell cycle by p2l" 1c. This interpretation is further screened for IFIXaI expression by Western blot using an
supported by the results of flow cytometry analysis anti-Flag antibody (M5, Sigma, St Louis, MO, USA). Control
(Figure 7d) that show GI arrest in 1FIXcl-expressing derivatives of MDA-MB-468 and MCF-7 that carry pCMV-
MCF-7 cells in which pRB/E2F pathway is intact Tag2B were similarly established. The EGFP-IFIX expression

because p2W""I upregulation leads to inactivation of vectors were constructed by inserting IFIXal, #I1, and 71

Cdk2 and the subsequent activation of pRB, resulting in cDNAs into pEGFP-C vectors (BD Biosciences).

a blockage at the G1/S-phase transition (Dotto, 2000).
In the case of IFIXal-expressing MDA-MB-468 cells, Identification and cloning IFIX gene
although Cdk2 is inactivated, cells progress through G1/ To identify a new human HIN-200 gene that might be the
S-phase because pRB/E2F pathway is absent. However, ortholog of mouse p202, we first used the amino-acid sequence
the upregulation of p2 1 c" also leads to inactivation of of p202 to query human specific nr, est, and htgs database in
p34cd ,

2 , a critical Cdk controlling G2/M transition the National Center for Biotechnology Information (NCBI)
(Doree and Hunt, 2002), resulting in S- and G2/M- using the tblstn protocol and identified a potential new gene
phase accumulation. located between MNDA and IF116 at chromosome 1. As the

Although it has been shown that two copies of the predicted amino-acid sequence of the new gene appeared to be
200-amino-acid motif of a mouse HIN-200 protein are more homologous to human HIN-200 members than to mouse
required for growth inhibition (Gribaudo et al., 1999), a p202, we then used the IF116 amino-acid sequence to query

tsttidy showed that the overexpression of a these same databases using tblastn. This query allowed us tomore recent proted at t h hasson one extend the length of this new gene. Primers were then designed
human HIN-200 protein, AlM2, which has only one according to the sequences of this potential gene to isolate
copy of the type a 200-amino-acid motif, is sufficient to cDNA by RT-PCR.
suppress cell growth (Choubey et al., 2000). Thus, our
findings support the notion that, at least in human HIN
200 proteins, a single 200-amino-acid motif is sufficient Determination of gene expression
for growth suppression. Interestingly, IFIX), does not The expression of IFIX in cell lines was determined by using
have the characteristic 200-amino-acid signature motif of Northern blot analysis performed as previously described
the HIN-200 family proteins (Figure la and 2d) and (Wen et al., 2001). The expression of GAPDH was used as a
forms a speckled nuclear pattern (Figure 8b). Thus, it is control for RNA loading. Human cDNAs derived from 12
likely that IFIX, plays a distinct functional role from a normal breast tissues (normal) and 12 breast carcinoma tissues
and f3 isoforms. Indeed, we showed that, while IFIXcI or (tumor) (Human Breast Cancer Rapid-Scan"M Gene Expres-
IFIXfl induced p2l1cl expression, IFIXyI did not sion Panel, Origene Technologies, Inc. Rockville, MD, USA)
(Figure 8b). This result also suggests the 200-amino-acid were analysed for IFIX expression by PCR using primers

specific to IFIXg under the condition suggested by the
signature motif may be required for p21"c1 upregulation manufacturer. The IFIXal cDNA was used as a DNA
and, possibly, growth suppression. Given that the pyrin template for the IFIXa-specific positive control. /3-actin
domains are known to be involved in protein-protein specific primers (provided by the manufacturer) were used to
interactions (Fairbrother et al., 2001; Martinon et al., amplify the fi-actin-specific band as an internal control. We
2001; Staub et al., 2001), it is possible that IFIX7 may used RT-PCR to determine the expression of IFIXcc in normal
function as a dominant-negative protein by interacting and cancerous breast tissues from five patients with various
with IFIXo'//3 or other pyrin domain-containing proteins, stages of breast cancer including one with only ductal

In summary, IFIX, a newly identified HIN-200 gene, carcinoma in situ. Total RNA was isolated from tissues using
is downregulated in breast cancer. The data presented Atlas Pure Total RNA Labeling System (BD Biosciences) and
here indicate that IFIX•I expression is associated with reverse transcription was performed using SuperScript First-

wheretindicaetationloss of expressions astrand Synthesis System (Invitrogen, Carlsbad, CA, USA).growth retardation, loss of tumorigenicity, and p21clwi PCR was performed for 35 cycles at 94°C for 40s, 56°C for
upregulation in breast cancer. Moreover, efficacy of an 1 min, and 72°C for 40s. Primers 5'-GGAACAGAGTCAG
IFIXotl-based gene therapy is demonstrated, raising the CATCC-3' (exon 7) and 5'-CTGCTGGATGGCGGTTGG-3'
possibility of using IFIXotl as a therapeutic agent in (exon 8) were used to amplified a 224 bp fragment specific to
breast cancer treatment. IFIXoý (Figure 4a and b).
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In addition, to detect both IFIXoa (265 bp) and # (140 bp) dithiothreitol), and then resuspended in 401il of kinase buffer

isoforms in cell lines (Figure 4d), the following primers are containing 2/pg of histone HI (Sigma), 25 pM ATP, and
used: 5'-GGAACAGAGTCAGCATCC-3' (exon 7) and 5'- 5 pM 7-32P ATP. The kinase reaction was terminated by adding
GTTATTTGATATCCTTGTCC-3' (exon 9). To detect IFIXT 40,u1 of SDS-PAGE loading buffer after a 15 min incubation
isoforms (,/1, 744 bp and T2, 717 bp), the following primers are at room temperature (Cdk2) or 30min incubation at 30'C
used: 5'-TTAGAGATGGCAAATAACTAC-3' (exon 2) and (p34Cdc2 ). Samples were resolved by SDS-PAGE and
5'-TTAGTGAGCAAAGGGAATG-3' (exon 4'). To detect the the phosphorylated Histone HI was visualized by autoradio-
expression of the 'form 2' isoforms ('form 1', 161 bp and 'form graphy.
2', 134bp), the following primers are used: 5'-TTGGGC
AAACTAATAGAATTC-3' (exon 2) and 5'-GCAGGATA
CACTTCTTTCTG-3' (exon 3). As a control for the quality of Western blot
the RNA samples, an - 600 bp GAPDH eDNA fragment was The standard procedure has been described previously (Wen
amplified using primers 5'-TGAAGGTCGGAGTCAACG et al., 2001). The antibodies used in this study are anti-Flag
GA-3' and 5'-GGCATGGACTGTGGTCATGA-3'. To detect (Sigma, M5), anti-/3-actin (Sigma), anti-p21cIl (Santa Cruz
all IFIX isoforms (-350bp) (Figure 5a, bottom panel), Biotech.), anti-poly-(ADP-ribose) polymerase (PARP) (BD
the following primers are used: 5'-TGATGGAGGAAAAGTT Biosciences), and anti-i-Tubulin (Sigma). The cytoplasmic and
CC-3' (exon 2) and 5'-TGCTGGCTCCTGCAGAGC-3' nuclear extracts were isolated according to the protocol
(exon 4). described previously (Xie and Hung, 1994).

Determination of growth, in vitro transformation and in vivo Inmnunostaining
tumorigenicity of breast cancer cells MCF-7 cells (1 x 101 in 0.5ml). were cultured in a four-well

MTT and soft agar assays were used to determine the glass chamber overnight. Cells were then transfected with I pg
anchorage-dependent and -independent in vitro cell of the plasmid encoding EGFP-tagged IFIXod, /#1, or yt
growth, respectively, and were performed as previously fusion protein. The EGFP expression vector serves as a

described (Shao, 1997). To measure the effect of IFN-,' on control. At 48 h after transfection, cells were washed with PBS
cell growth (Gooch et al., 2000), MCF-7 and MDA-MB-468 and fixed with 3% paraformaldehyde in PBS for 20min at

cells were planted in 24-well plates (18,000 cells/well) in room temperature followed by PBS wash. The primary p2l1C'I
DMEM/F12 media supplemented with 10% fetal calf serum. monoclonal antibody (Santa Cruz Biotech.) (1:100) was
The next day, cells were washed in 1 x PBS and grown in incubated with the cells at 37°C for 1 h. Cells were then

serum-free DMEM/F12 media overnight. The serum-free washed with PBS, followed by incubation with the rabbit anti-
media was replaced with DMEM/F12 media containing mouse secondary antibody conjugated with Texas Red (1 : 200)

0.25% fetal calf serum. IFN-y (1000 U/ml) was added. The at 37°C for 45 min. After incubation, cells were washed briefly
growth of the cells was measured by MTT assay at 48 h. To with PBS and air-dried, followed by incubation with the blue

determine tumorigenicity, I x 10' cells were injected into the fluorescent dye DAPI (1: 100 in 50% glycerol/PBS). A cover
MFP of 6-week-old female nude mice and the growth of slip was placed on top of the slide for visualization by
tumors was monitored weekly. For each experiment, a cell microscopy.
line was injected into three mice with each mouse injected
at 2 MFP.

GenBank Accession numbers

IFIX aI gene therapy IFIXcil (AY185344), IFIXci2 (AY185345), IFIX#ll

One million MDA-MB-468 cells in 200Id of PBS were injected (AY185346), IFIX/32 (AY185347), and IFIXyl (XM086611).
into a MFP of 4-5-week old female nude mice. Each cell line
was injected into 5 mice with each mouse injected at 2 MFP.
After the tumors grew to 0.5 cm in diameter, mice were treated
twice a week by intratumoral injection. Tumor-bearing mice Note Added In Proof
were randomly divided into two equal treatment groups with
each tumor injected with 22.5 p1 of the liposome SN2 in 50 pl During the preparation of this manuscript, a partial amino
of PBS (Zou et al., 2002) mixed with 15,pg of either CMV- acid sequence of the N-terminal domain of IFIX protein
IFIXaI or a control vector pCMV-Tag2B (1001d total (referred to as IFI16-like protein 1) was published (Liepinsh
injection volume). et al., 2003).
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ABSTRACT

IFIX is a new member of the hematopoietic interferon (IFN)-inducible nuclear protein with the 200-

amino-acid repeat (HIN-200) gene family. IFIX is often found down regulated in breast tumors and

breast cancer cell lines. The expression of the longest isoform of IFIX gene products, IFIXcdI, is

associated with suppression of growth, transformation, and tumorigenesis. However, the mechanism for

the tumor suppressor activity of IFIX is not well understood. Here, we show IFIXCul binds and

destabilizes HDM2, a principal negative regulator of p53. The HDM2 RING finger domain, which

possesses E3 ligase activity, is required for the IFIXol -mediated HDM2 destabilization. This result is

supported by the observation that IFIXcdI induces the ubiquitination of HDM2. As expected, the down

regulation of HDM2 by IFIXoul leads to induction of p53 and activation of p53 target gene (e.g.,

p21CIP1). Moreover, the positive regulation of p53 by IFIXcdI can be observed only in p53-/- MEF but

not in p53-/-, mdm2-/- double knockout MEF. Together, these results suggest that IFIXccl positively

regulates p53 by acting as a negative regulator of HDM2. Thus, IFIXcI functions as a tumor suppressor

that may contribute to the anti-tumor activity of IFN in certain cancers.
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INTRODUCTION

IFNs play an essential role in innate and adaptive immunity and host defense system against viral,

bacterial and parasitic infections (46). In addition to viral infection, IFNs have been used as therapeutic

agents in treating human solid and haematologic malignancies such as hairy cell leukemia, chronic

myelogenous leukemia, follicular (non-Hodgkin's) lymphoma, and malignant melanoma (31, 79).

Although the mechanism of the IFN-induced anti-tumor activity is poorly understood, it is widely

thought that the IFN-inducible proteins are critically involved in this process (45). Indeed, IFN-inducible

genes such as RNase L (70), IFN regulatory factor-i (IRF-1) (65), and the double-stranded RNA-

regulated serine/threonine protein kinase (PKR) (36) have been implicated in tumor suppression.

The IFN-inducible HIN-200 gene family encodes a class of proteins that share a 200-amino acid (HIN)

signature motif of type a and/or type b. Four human (IFI 16, MNDA, AIM2, and IFIX) and five mouse

(p202a, p202b, p203, p204, and p205 (or D3)) HIN-200 family proteins have been identified (2, 51).

HIN-200 genes are located at chromosome lq21-23 as a gene cluster in mouse and human genomes.

Most HIN-200 proteins possess two major protein domains: first, except p202a and p202b, the N-

terminal region of HIN-200 proteins contains a highly helical pyrin domain (PYD) (32), which belongs

to the death domain-containing protein superfamily involved in apoptosis and inflammation (49, 64, 72).

Second, the C-terminal HIN domain consists of two consecutive OB (oligonucleotide/oligosaccharide-

binding) folds (1). The GB-fold containing proteins are involved in a variety of biological processes

including DNA replication, DNA recombination, DNA repair, and telomere maintenance (6, 76).

However, the role of HIN-200 proteins in these biological processes is poorly understood.
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The observations that HIN-200 proteins interact with several cellular regulators involved in cell cycle

control, differentiation, and apoptosis indicate the physiological role of HIN-200 proteins is clearly

beyond the IFN system (2, 51). Moreover, HIN-200, e.g., IFI16, expression is widely expressed in

normal human tissues including endothelial and epithelial cells further support this notion (25, 63, 82).

Therefore, it is not surprising that loss or reduced expression of HIN-200 genes is associated with

human cancers (3, 15-17, 24, 43, 59, 62, 78). These observations suggest HIN-200 proteins may play a

role in tumor suppression.

The mouse double-minute gene 2 (mdm2) encodes an oncoprotein (20, 22). Consistently, HDM2, the

human homologue of mdm2, is found frequently overexpressed in human cancers including about 50%

of breast cancers (30, 52-54, 68). A recent report also showed that HDM2 overexpression in tumors is

associated with poor prognosis (57). These results underscore the pivotal involvement of HDM2 in

tumorigenesis. Therefore, HDM2 has been an important target for developing cancer therapeutics (23,

42, 69).

The RING finger domain of HDM2 possesses an intrinsic E3 ubiquitin ligase activity (39). The

ubiquitinated proteins are targeted for proteasome-mediated degradation. The best-known substrate of

the E3 ligase activity of HDM2 is p53 tumor suppressor protein. p53 binds to the N-terminus of HDM2.

This interaction allows HDM2 to inhibit p53 in two ways: first, blocking p53's ability to activate

transcription of its target genes by binding to the N-terminal transactivation domain of p53 (10, 60); and

second, mediating ubiquitination of p53 leading to degradation by proteasome (27, 28, 44). Interestingly,

HDM2 is also a substrate of its own E3 ligase activity (21, 33). The intricate regulation of p53 and

HDM2 is further demonstrated by that fact that HDM2 is also a p53 responsive gene (4, 61). Thus, these
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two molecules link together in a negative feedback loop for the purpose of keeping the cellular p53 at

low levels in the absence of stress. The p53-HDM2 auto-regulatory loop is vital as demonstrated by the

rescue of embryonic lethality of mdm2-null mice in a p53-null background (41, 58). Therefore, a

defective auto-regulatory loop caused by mutations, DNA damage, or oncogenic insult has a profound

impact on tumorigenesis (14).

We recently identified IFIX as a novel member of the human HIN-200 gene family (16). The IFIX

transcriptional unit expresses at least six IFIX isoforms. IFIX proteins are primarily nuclear and possess

a single type a HIN motif. Importantly, the expression of IFIX is reduced in majority of breast tumors

and breast cancer cell lines. Therefore, IFIX may function as a putative tumor suppressor. Consistently,

the expression of IFIXcl, the longest IFIX isoform, leads to suppression of growth and transformation

phenotype in vitro, and tumorigenicity and tumor growth in vivo (16). The growth inhibitory activity of

IFIXcdI is associated with an induction of p2lcpTP, a key cyclin dependent kinase inhibitor (16).

However, the mechanism of the IFIXcd tumor suppressor activity has not been well elucidated. In this

report, we show a novel interaction between IFIXa1 and HDM2, which leads to destabilization of

HDM2. In turn, p53 is stabilized and its transcriptional activity activated. The novel crosstalk between

IFN-IFIX signaling pathway and HDM2-p53 auto-regulatory loop, may contribute to the IFN-induced

anti-tumor activity in certain cancers.
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MATERIALS AND METHODS

Cell lines, plasmids, and reagents. MCF-7 and its FLAG-tagged IFIXca derivatives, X-1 and X-2, as

well as MDA-MB-468 and its FLAG-tagged IFIXal derivatives, X-1 and X-2, have been described

previously (16). The corresponding control cell lines are the pooled stable clones transfected with the

empty vector (pCMV-Tag2B (FLAG), Stratagene, La Jolla, CA) (16). H1299, HCT1 16 and its p53-null

derivative, HCT1 16 (p53-/-) (8), 293 and its large-T derivative, 293T, and p53-/- and p53-/-, mdm2-/-

double knockout (DKO) MEFs were grown in Dulbecco's modified Eagle's medium containing 10%

fetal calf serum (FCS). Raji and U937 cells treated with or without IFN-cx (Hu-IFN-uA) (2000 U/ml)

and IFN-y (1000 U/ml) (Sigma, St. Louis, MO), respectively, were grown in RPMI medium contain

10% or 0.2% FCS for the time described in the text. MG132 (10 gM) (Sigma) treatment was performed

for 5 h prior to harvest. The EGFP-tagged IFIXc&I (EGFP-IFIXcI) and IFIXI31 (EGFP-IFIXI31) have

been previously described (16). The IFIX-N was generated using PCR primer set: forward: 5'-

CCGGATCCTTAGAGATGGCAAATAACTAC (containing a Barn HI site) and reverse: 5'

CGGGATCCCTCAGTTGAGGAAGTGTTGG (containing a Barn HI site), to amplify a 579-bp region

corresponding to 1-193 amino acid of IFIXuI. The IFIX-HIN was generated using PCR primer set:

forward: 5'-CGGAATTCCAGACCTCATCATCAGCTCC (containing an Eco RI site) and reverse: 5'-

CGGGATCCTTACTGGATGAAACTATGCATTTC (containing a Barn HI site) to amplify a 654-bp

region corresponding to 179-397 amino acid of IFIXcd. Both FLAG-tagged or EGFP-tagged IFIX-N

and IFIX-HIN were generated as described before (16). GFP-p53 (gift from Dr. G. Wahl (73)), CMV-

HDM2 (gift from Dr. Y. Zhang (37)), and the HDM2 mutants, i.e., HDM2 (A150-230) and HDM2 (1-

441), have been previously described (38). Plasmid DNA transfection was performed by using FuGENE

6 Transfection Reagent (Roche, Indianapolis, IN) according to the manufacturer's instructions. To
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isolate the GFP-positive cells, at 48 h after transfection, cells transfected with EGFP-IFIXal, EGFP-

HIN, or EGFP empty vector were sorted out by BD FACSAriaTM Cell Sorting System (Palo Alto, CA).

siRNA transfection. Electroporation was used to transfect siRNAs into cells. The IFIX siRNA, i.e.,

689GGAGTAAGATGTCCAAAGA70 7 in exon 4 of IFIXccl (Dharmacon, Lafayette, CO), was used for

transfection. In Fig. 9B, a mixture of four IFIX siRNAs corresponding to 689-707, 1190-1209, 1246-

1265, and 1486-1504 sequences of IFIXu.I cDNA (Dharmacon) was used. The non-specific control

siRNA is 5'-TAGCGACTAAACACATCAATTdT-3' (Dharmacon). Briefly, cells were suspended in

the electroporation buffer (120 nM KC1, 0.15 mM CaCI2, 10 mM K2HPO4, 6 mM Glucose, 25 mM

Hepes (pH7.6), 2 mM EGTA, and 5 mM MgCI2). The siRNAs (100 nM) were then added to the cell

suspension followed by electroporation using NucleofectorTM (Amaxa Biosystems, Koeln, Germany).

Co-immunoprecipitation, western blot, and antibodies. Protein lysates (0.5-1.5 mg) were prepared

using RIPA-B lysis buffer as described previously (83). Antibodies (2-4 ýtg) used in co-IP: anti-HDM2

(D-7 for IP; and D-7 and N-20 for WB, Santa Cruz Biotechnology, Inc. Santa Cruz, CA), anti-FLAG

(Sigma, M2 for co-IP and M5 for WB), and anti-GFP (Santa Cruz Biotech.) (Santa Cruz Biotech.).

Immune complexes were recovered using 30 p1 of protein-G (for monoclonal antibodies) or protein-A

(for rabbit polyclonal antibodies) agarose (Roach) overnight at 40C. Immune complex was then washed

with PBS for 4-6 times at 4°C followed by centrifugation and SDS-PAGE. Proteins were then

transferred to a nitrocellulose membrane and probed with antibodies as indicated in the text. Other

antibodies used in the western blot (WB) include anti-PARP (BD Biosciences, Palo Alto, CA), anti-ce-

tubulin (Sigma), anti-PKR (Santa Cruz Biotech.), anti-1F116 (Santa Cruz Biotech.), anti-p53

(NeoMarker, Freemont, CA), and anti-p21cIlP (Santa Cruz Biotech.). The peptide-purified anti-IFIX

antibodies (recognizing ca, P3, and y isoforms) are rabbit polyclonal antibodies against two overlapping
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peptides that corresponding to '95LKPLANRHATASKNIFREDPIIA 217 in the N-terminal domain of

IFIXal (16) (Bethyl Laboratories, Inc. Montgomery, TX). The peptide-purified anti-IFIXc• antibodies

(recognizing cxl and 0c2 isoforms) are rabbit polyclonal antibodies against a synthetic peptide:

46 8FRITSPTVAPPLSSDTSTNRHPAVP4 92, which corresponds to the C-terminal 25 amino acid of

IFIXcI (16) (Bethyl Laboratories). Detection was achieved by incubating the secondary goat anti-rabbit

or mouse antibodies coupled with horseradish peroxidase (Pierce, 1:5000) followed by the enhanced

chemiluminescence kit (Amersham Pharmacia biotech, Buckinghamshire, UK).

Northern blot analysis. Northern blot analysis was performed as previously described (83).

Luciferase assays. Cells transfected with luciferase reporter gene, PG13-LUC (a Firefly luciferase gene

under the control of 13 p53 responsive elements (77)), MG15-LUC (a corresponding construct with

mutated p53 responsive elements), or wwp-LUC (a Firefly luciferase gene under the control of p2lCIP1

promoter region containing 2.4 kb pair upstream sequence (19)) and pRL-TK (for normalizing

transfection efficiency) (Promega) were harvested to measure luciferase activity using the Dual

Luciferase Reporter Assay System (Promega, Madison, WI) and a illuminometer (TD-20/20, Promega).

Immunofluorescence assay. Cells were cultured in a four-well glass chamber overnight. 24 h after

transfection, cells were fixed with 4% paraformaldehyde in PBS for 20 min at room temperature. Cells

were then permeabilized with 0.5% Triton X-100 for 15 min at room temperature. Anti-p53 antibody

(1:100) (NeoMarker) and anti-IFIXcx (1:100) were added to the cells. The p5 3 and IFIXcdI proteins were

visualized using secondary antibodies (1:500) conjugated with Texas Red and fluorescein isothiocyanate

(FITC), respectively, (Jackson ImmunoResearch Laboratories, West Grove, PA) for 45 min.
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Counterstaining was performed using DAPI (1:1000) to visualize nuclei. A cover slip was placed on top

of the slide for visualization by a ZEISS fluorescence microscopy.

ChIP assay. The modified protocol used in this study was based on that previously published (50).

Briefly, IFIXcd stable MCF-7 and the vector control cell lines, X-1, X-2 and V were fixed by 1%

formaldehyde for 10 min before cell lysis. Cell lysates were subsequently sonicated followed by

centrifugation. The "input" (4% of the supernatant) was used in PCR as a positive control. The

supernatant was then pre-cleared using mouse IgG (10 gg) for 1 h at 4°C. Protein G-agarose beads

(Roche) (50 ll) was added to the supernatant and incubated for 2 h at 40C. After centrifugation, the

supernatant was then used for immunoprecipitation using anti-p53 antibody (2 jig) (NeoMarker) or an

irrelevant antibody, e.g., anti-GFP antibody (2 jig) (Santa Cruz Biotech.) and incubated overnight at

4°C. The protein/DNA complex was subsequently incubated with protein G-agarose beads for 2 h at

4°C. The immune complex was collected by centrifugation and then washed 7 times, 10 min each: twice

with 50 mM Tris-HC1 (pH 8.0), 150 mM NaCl, 1% NP-40, 0.1% SDS, 0.5% sodium deoxycholae; once

with 50 mM Tris-HC1 (pH 8.0), 500 mM NaCl, 1% NP-40, 0.1% SDS; twice with 50 mM Tris-HC1 (pH

8.0), 250 mM LiC1, 1% NP-40, 0.5% sodium deoxycholae, 1 mM EDTA and twice with TE (pH 8.0)

buffer. The immune complex was suspended in TE buffer with 0.25% SDS, protease K (250 gg/ml) and

RNase (50 jig/ml) and incubated at 37 °C for 4 h and at 65°C overnight. The DNA was then extracted

with phenol-chloroform and precipitated with ethanol in the presence of glycogen (20 jtg) as carrier. The

precipitate was used as a template for PCR amplification. The primers that specifically amplify a 320-bp

region located approximately 0.7-1.0 kb upstream of the human p21cll promoter are: forward: 5'-

AAACCATCTGCAAATGAGGG, and reverse: 5'-GAACCAATCTCCCTACACC. PCR was
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performed in the following condition: 35 cycles at 94°C for 40 second, 56°C for 1 min, and 72°C for 40

seconds.

Mobility shift assay. Nuclear extracts isolated from MCF-7 vector control, the IFIX-cd stable cell lines

(X-I and X-2), and MCF-7 cells treated with or without ultraviolet light (20 j/m2) were incubated with

32 P-labeled oligonucleotide containing p53-binding sites (p53 Nushift kit, Active Motif, Carlsbad CA)

in a binding reaction according to manufacturer's instruction. The binding reaction was run on a 5%

native polyacrylamide gel. Supershift assay was performed using the nuclear extract isolated from MCF-

7 (X-1) cells incubated with or without the anti-p53 antibody provided by the p53 Nushift kit according

to manufacture's protocol.

Cyclohexamide-chase assay. Cells were cultured in 6-well plates overnight. To measure the p53

turnover rate, MCF-7 vector control and the IFIXu1 stable cell lines (X-1 and X-2) were treated with

cyclohexamide (100 pgg/ml) (Sigma) for the indicated time followed by western blot using anti-p53

antibody. To measure the turnover rate of HDM2 and HDM2 (1-441), H1299 cells were co-transfected

with HDM2 or HDM2 (1-441) (0.7 ptg) and IFIX(xl, IFIX-N, or the vector control, pCMV-Tag2B

(FLAG) (1.3 jig) (Stratagene, La Jolla, CA). Forty-eight h after transfection, cells were treated with

cyclohexamide (100 gg/ml) for the indicated time followed by WB using anti-HDM2 antibody.
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RESULTS

IFIXal interacts with HDM2

It is known that HDM2 inhibition resulted in up regulation of p21 cIPl in both MCF-7 and MDA-MB-468

breast cancer cell lines (38, 80, 87). Since we found IFIXal induces p21pl in these two cell lines (16),

it is possible that IFIXal may do so by targeting HDM2. One way that HDM2 can be inhibited is

through protein-protein interaction (35, 74). We then tested a possible interaction between IFIXc l and

HDM2 by co-transfecting 293T cells with HDM2 and IFIXc&1 expression vectors. Cells were transfected

with HDM2 and an enhanced green fluorescent protein (EGFP) vector (vector), the vector expressing

EGFP-IFIXcdl (cl), or EGFP-IFIXPI (P31) fusion protein. The protein-protein interaction was examined

by immunoprecipitation (IP) using anti-HDM2 antibody and followed by WB using either anti-GFP or

anti-HDM2 antibody. A clear HDM2/IFIXctl or HDM2/IFIXI31 complex was detected (Fig. 1A). A

reciprocal IP/WB experiment using anti-GFP antibody to pull down EGFP-IFIXuxl and EGFP-IFIXI31

further confirmed the presence of these complexes (Fig. 1B). These data strongly suggest HDM2

interacts with IFIXu l or IFIX[3I. We have attempted to investigate the possible interaction between

HDM2 and the smallest IFIX isoform, IFIXyl (16). However, we found IFIXyl could only be extracted

using SDS-containing lysis buffer (data not shown). Therefore, it is not feasible to detect such an

interaction using the standard IP protocol. The IFIXucl-HDM2 interaction was also observed in cells co-

transfected with FLAG-tagged IFIXQI (or the control FLAG vector) and HDM2 into 293T cells

followed by IP/WB (Fig. 1C). Consistently, using the IFIXccl stable MCF-7 cell lines, X-1 and X-2, and

the vector control cell (V) for IP/WB analysis, we found IFIXcI could be brought down by anti-HDM2

antibody in X-1 and X-2 stable cell lines (Fig. ID). This result again confirms the presence of an

IFIXcl -HDM2 protein complex. Importantly, this interaction is also confirmed in the IFN inducible cell

systems. We previously showed that the IFIX could be readily induced by IFN-o, in Raji cells and by
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IFN-y in U937 cells (16). We then investigated the IFIXcI-HDM2 interaction in these IFN-inducible

systems. Based on a time course study, at 48 h of treatment, the expression of IFIXax is readily induced

by IFN-a or IFN-y but the HDM2 levels are not reduced in Raji cells (data not shown). At this time

point, we performed IP/WB and show a physiological interaction between IFIXct and HDM2 in both

Raji and U937 cells (Fig. 1E). The induction of IFIXa (which may include cd1 and a2 isoforms) by IFN-

ax or IFN-y correlates well with an increase of IFIXa-HDM2 interaction. IP using IgG serves as a

negative control. Together, these results strongly indicate that IFIXaxl interacts with HDM2 in both

IFIXcdI overexpression system and IFN-inducible systems.

IFIXal binds to the 150-230 region of HDM2

To determine the region of HDM2 responsible for binding to IFIXaxl, we co-transfected 293T cells with

EGFP-IFIX(xl and a vector expressing HDM2 mutant, e.g., RING finger deletion (1-441) or 150-230

deletion (A150-230) (38), followed by IP/WB. As shown in Fig. 2A, like the wild type HDM2 (Fig. 1),

HDM2 (1-441) can readily interact with IFIXal. Since the anti-HDM2 antibody used in IP recognizes

the epitope resides within 150-230 aa of HDM2, it is therefore not suitable for HDM2 (A150-230) IP.

Instead, we co-transfected 293T cells with HDM2 or HDM2 (A150-230) and EGFP-IFIXaI or FLAG-

IFIXcd followed by IP with anti-GFP antibody (Fig. 2B) or anti-FLAG antibody (Fig. 2C), respectively.

The HDM2-IFIXal interaction serves as a positive control. While HDM2 (A150-230) and IFIXoxl are

readily detectable by direct western blots, there is no HDM2 (A150-230) protein present in the IFIXca

immunocomplex. This result suggests that the 150-230 region of HDM2 is required for IFIXcl binding.

The HIN region of IFIXal interacts with HDM2
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IFIXcl differs from IFIXI 1 at the C-terminal sequence (16). The observation that both isoforms interact

with HDM2 (Fig. lA-B) suggests the C-terminal region of IFIXcxI is dispensable for HDM2 binding.

We then tested the HDM2-binding ability of the N-terminal PYD domain (IFIX-N) and the HIN domain

(IFIX-HIN). We first examined the cellular localization of these mutants by transfecting the EGFP

fusion proteins, i.e., EGFP-IFIX-N and EGFP-IFIX-HIN into MCF-7 cells. As shown in Fig. 2D, IFIX-

N is clearly localized in the nucleus. Surprisingly, IFIX-HIN, which lacks the putative nuclear

localization signal (NLS) in the N-terminal domain (16), localizes in both nuclear and cytoplasmic

compartments (Fig. 2D). Howbeit, nuclear localization appears dominant (N > C, 92/110 (83.6%); and

N = C, 18/110 (16.4%)). To determine the protein-protein interaction, we co-transfected 293T cells with

HDM2 and EGFP (V), EGFP-IFIXccl (a1), EGFP-IFIX-N (N), or EGFP-IFIX-HIN (HIN) followed by

IP using anti-GFP antibody and WB with either anti-HDM2 antibody or anti-GFP antibody. As shown in

Fig. 2E (left panel), IFIX-HIN, but not IFIX-N, alone is sufficient to bind HDM2. Consistently, IFIX-

HIN, but not IFIX-N, interacts with HDM2 in a reverse IP/WB (Fig. 2E, right panel). Together, these

results indicate that the HIN domain of IFIXccl is sufficient to interact with HDM2 (Fig. 2F).

The interaction and the RING finger domain of HDM2 are required for the destabilization of

HDM2 by IFIXal

It is known that HDM2 is a substrate of its own E3 ligase activity leading to its degradation through

proteasome-mediated pathway (21, 34). It is possible that IFIXcal binding may affect the protein

stability of HDM2. To test this possibility, we measured the turnover rate of HDM2 protein with or

without IFIXal. H1299 cells were co-transfected with HDM2 and IFIXaI (FLAG-IFIXol) (or the

empty FLAG vector (V)) followed by a cyclohexamide (CHX) (a protein synthesis inhibitor)-chase

assay. As shown in Fig. 3A-B, the 50% turnover rate of HDM2 was increased from >30 min in cells
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transfected with empty vector to -21 min with IFIXux1 transfection. Importantly, the HDM2-binding

deficient mutant, i.e., IFIX-N, has little effect on the stability of HDM2 (Fig. 3A). These results suggest

that IFIXa1 destabilizes HDM2 and the IFIXctl-HDM2 interaction is required for this activity. It is

possible that the E3 ligase activity of RING finger domain plays a role in the IFIXc&1 -mediated HDM2

destabilization. To test this possibility, we measured the turnover rate of a HDM2 mutant, i.e., 1-441, in

which the RING finger domain is deleted, with or without IFIXUl. As shown in Fig. 3C, HDM2 (1-441)

is refractory to the destabilizing effect of IFIXa l. This result suggests that the E3 ligase activity is

required for the IFIXcl -induced HDM2 destabilization. It also rules out the possibility that IFIXal may

interact with an unknown E3 ligase protein that could trans-ubiquitinate HDM2. Together, our data

suggest that both interaction and the E3 ligase activity are required for the destabilization of HDM2 by

IFIXu1I.

IFIXcxl promotes the ubiquitination of HDM2

Since the E3 ligase activity is required for the IFIXccl-mediated HDM2 destabilization (Fig. 3C), it is

possible that IFIXcxl destabilizes HDM2 by promoting its ubiquitination. To test this possibility, we

determined the levels of ubiquitinated HDM2 in cells transfected with or without IFIXccI in the presence

of MG132. H1299 cells were co-transfected with HDM2, HA-Ubiqutin, and increasing amount of

IFIXcdI followed by IP/WB using anti-HDM2 antibody. As shown in Fig. 3D, the ubiquitinated HDM2

levels increase in an IFIXcaI dose dependent manner. The increase of ubiquitinated HDM2 correlates

well with the increase of IFIXcc1-HDM2 interaction. The observation that IFIXcl binds HDM2 and

promotes its ubiquitination represents a plausible mechanism by which IFIXcdI destabilizes HDM2.

IFIXal induces p53 protein stability
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HDM2 is the major negative regulator of p53 through ubiquitination-proteasome pathway (7, 35, 56).

We show IFIXcl destabilizes HDM2 (Fig. 3A). It predicts p53 induction in IFIXctl-expressing cells.

To test this possibility, we performed a western blot analysis on the p53 protein expression in the

IFIXcl stable MCF-7 cells (which express wild type p53), i.e., X-1 and X-2, and the vector control (V)

(16). Indeed, the p53 protein levels are increased in the X-1 and X-2 cells as compared with that in the

vector control cells (Fig. 4A). It is possible that the observed p53 increase may be an inadvertent event

due to clonal heterogeneity (albeit, two independent clones exhibit p53 induction). To rule out this

possibility, we transiently transfected MCF-7 cells with EGFP vector or EGFP-IFIXc&l followed by

FACS. Cell lysates isolated from the GFP-positive cells were then subjected to WB analysis to examine

the p53 expression. Consistent with the stable cell line data (Fig. 4A), IFIXaxl expression is associated

with an increase of endogenous p53 (Fig. 4B). This result suggests that clonal heterogeneity is not the

cause for the p53 increase in the IFIXctl stable cell lines. The causative effect of IFIXcl on p53

induction was confirmed by an IFIXc&l knockdown experiment using a small inhibitory RNA (siRNA)

specific for IFIX (Dharmacon). We chose MCF-7 (X-1) for the IFIXc 1 knockdown study because it is a

low IFIXcu1 expresser as compared with MCF-7 (X-2) (Fig. 4A). As shown in Fig. 4C, the IFIX siRNA

transfection specifically reduces p53 protein levels in MCF-7 (X-1) cells as compared with that

transfected with the non-specific scramble control (NS) siRNA. This result strongly suggests that the

expression of IFIXcd is primarily responsible for the increase of p53 protein levels in the IFIXal stable

cell lines. We previously showed that IFIXo1 expression is associated with p2lclP1 induction in MCF-7

cells (16). As expected, reduced expression of p53 by IFIX siRNA (Fig. 4C) also leads to decreased

expression of its transcriptional target gene, p2lclP1 (Fig. 4D). Importantly, there is little change on the

p53 mRNA levels with or without IFIXal expression (Fig. 4E). This observation strongly suggests that

p53 induction by IFIXcl is regulated post-transcriptionally. To test this possibility, we performed a
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CHX-chase experiment to measure the p53 protein turnover rates in IFIXa1 stable (X-1 and X-2) and

vector (V) control cells. We found that the half-life of p53 is significantly increased in X-1 and X-2 cells

(>30 min) as compared with that in the control cells (<15 min) (Fig. 4F). This result suggests that

WIXul induces p53 expression by increasing its protein stability.

IFIXal activates the p53-mediated transcription

The induction of p53 by IFIXal coincides with an increase of the steady state mRNA levels of HDM2

and p21 cI'P (Fig. 4E, (16)). Since both HDM2 and p2 1cIP1 are p53 responsive genes, it is possible that

IFIXu1 activates the p53-mediated transcription. To test that possibility, we transfected a human non-

small cell lung carcinoma cell line, H1299 (which is p53-null) (85) with PG13-LUC, a luciferase

reporter construct containing multiple p53 binding sites (77), or MG15-LUC, a corresponding construct

containing mutated p53 binding sites. As shown in Fig. 5A, IFIXcl increases the p53-mediated

transcriptional activity of PG13-LUC (but not MG15-LUC) in a dose-dependent manner. This result

indicates IFIXu1I can activate the p53-mediated transcription. We then tested the possibility that

IFIXcd -mediated p53 transcriptional activation correlates with an increase of p53 DNA binding activity.

We employed a mobility-shift assay in which the 32p-labeled oligonucleotides containing p53 DNA

binding sites were incubated with the nuclear extracts (NE) isolated from the IFIXoc1 stable cell lines

(X-1 and X-2) and the vector control (V) cells. The p53/DNA complex was resolved by a native gel

electrophoresis. As shown in Fig. 5B (top panel), the p53 DNA binding activity is strongly enhanced in

X-1 and X-2 cells as compared with that in the control cells. The p53 DNA binding activity induced by

DNA damaging agent such as ultraviolet light (UV) serves as a positive control. The protein/DNA

complex (indicated by an arrow) is p53 specific since incubation of anti-p53 antibody in the X-1 nuclear

extract diminishes the complex. The increase of p53 DNA binding activity correlates well with an
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increase of p53 in the nuclear extracts isolated from the X-1 and X-2 cells (Fig. 5B, bottom panel). To

determine the effect of IFIXca 1 on p21 ciP1 transcription, we co-transfected the wild type p53-expressing

cell lines, MCF-7 and HCT 116 (a human colorectal carcinoma cell line), with a luciferase reporter gene

driven by a p21P1 promoter (wwp-LUC) (19) and increasing amount of IFIXct 1. We found that IFIXcx 1

activates p2 1 clP1 promoter in a dose-dependent manner in both cell lines (Fig. 5C). This modest

induction (2-3 fold) of p2 1clP1 promoter activity was similar to that observed by either IFN-y (26) or

another HIN-200 protein, IFI16 (84). This result indicates IFIXcal can transcriptionally activate p21Cipl

gene. p53 is a major transcriptional activator that binds p2 1 ClP1 promoter (19). It is possible that IFIXcd I

activates p2lc'P1 transcription by increasing p53 binding to the promoter. To test this possibility, we

employed chromatin-immunoprecipitation (ChIP) assay using anti-p53 or anti-GFP antibody (as a

negative control). As shown in Fig. 5D, an increase of p53 binding to the p21CIP1 promoter is observed

in the IFIXal stable MCF-7 cell lines (X-1 and X-2) as compared with the basal levels of p53 binding in

the vector control cells. These results strongly suggest that IFIXcl activates p21c1 transcription by

increasing p53 binding to the promoter.

IFIXal promotes p53 nuclear accumulation

Since nuclear p53 is active in transcriptional activation, it is possible that increased p53-mediated

transcription correlates with increased p53 nuclear localization. As shown in Fig. 5E, p53 is

predominantly nuclear and co-localized with IFIXcd in the IFIXca stable MCF-7 cell line, X-2 (16). In

contrast, p53 staining appears to be diffused throughout the entire cells in the vector (V) control cell.

The IgG staining serves as a negative control. To further confirm this observation, we transiently

transfected a vector expressing GFP-p53 fusion protein (73) into the IFIXetl stable cell lines or the

vector control cells. Twenty-four h after transfection, we determined the percentage of GFP-positive
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cells with GFP-p53 present in both cytoplasmic and nuclear compartments (C+N) or primarily nuclear

compartment (N). Consistent with that observed in the stable cell lines (Fig. 5E), the majority of GFP-

p53 is localized in the nuclear compartment of the IFIXu1 stable cell lines, X-1 and X-2, as compared

with that in the vector control cells (Fig. 5F). These data indicate IFIXa 1 promotes p53 nuclear

localization.

The HIN domain is sufficient to induce p53

To determine the functional domain responsible for the p53 induction, we co-transfected H1299 cells

with p53 and increasing amount of IFIXal, IFIX-HIN, or IFIX-N. As expected, we observed a dose

dependent increase of p53 in cells transfected with IFIXcdl (Fig. 6A). Consistently, the endogenous

p21clP1 is also increased in a dose dependent manner. Interestingly, the HDM2 binding competent

mutant, IFIX-HIN, is sufficient to induce both p53 and p21 cIPl (Fig. 6B), but not the HDM2 binding

deficient mutant IFIX-N (Fig. 6C). This result is further confirmed by a northern blot analysis in which

the p53-induced p2l1cP1 mRNA levels are increased by IFIXctl and IFIX-HIN, but not IFIX-N (Fig.

6D). Our previous observation that IFIXyl, which lacks the HIN domain, was unable to induce p21 cIP1

(16) supports the requirement of HIN domain for p21 cip1 induction. Together, these data suggest that the

HIN domain of IFIXctl is sufficient to induce p53 and activates the p53-mediated transcription of

p21 clPl.

HDM2 is required for the p53 induction and activation by IFIXal.

Given that IFIXcI binds and destabilizes HDM2 (Fig. 1 and 3A), our data support a model that IFIXox1

functions as a positive regulator of p53 by negatively regulating HDM2. This model predicts that HDM2

is required for the p53 induction by IFIXal. To test this possibility, we co-transfected p53-/- MEF and
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p53-/-, mdm2-/- double knockout (DKO) MEF with GFP-p53 and increasing amount of IFIXcCI. As

expected, p53 is induced by IFIXccl in p53-/- MEF in a dose dependent manner (Fig. 7A). However,

IFIXcl fails to do so in DKO MEF. This result strongly suggests that HDM2 is required for the

induction of p53 by IFIXu1. To further confirm this observation, p53-/- MEF and DKO MEF were co-

transfected with PG13-LUC, p53, and increasing amount of IFIXal. As shown in Fig. 7B, IFIXaCl

activates p53-mediated transcription in a dose-dependent manner in p53-/- MEF but not in DKO MEF.

Notably, in the absence of IFIXctl, p53 drastically enhances p53-mediated transcription in DKO MEF

because p53 is stabilized in the absence of HDM2. It is consistent with the observation that the p53

levels are higher in DKO MEF than that in p53-/- MEF (Fig. 7A). Together, these results suggest that

IFIXcdI induces p53 indirectly through targeting HDM2.

IFIXal down regulates HDM2 independent of p53

In spite of HDM2 mRNA induction by IFIXcl (Fig. 4E), little change on the HDM2 protein levels was

seen in the p53-expressing MCF-7 cells (Fig. 1D, right panel), H1299 transfected with p53 (Fig. 6A),

and the p53-expressing HCT1 16 (Fig. 8D, left panel). In addition, although IFIXu1I depletion by siRNA

reduces p53 in MCF-7 cells (Fig. 4C), it has little effect on the HDM2 expression (data not shown).

These observations can be explained by the combination of two opposite effects on HDM2 by IFIXc1l.

Namely, the negative effect of IFIXa1 on HDM2 protein stability leads to stabilization of p53. In turn,

p53 positively regulates HDM2. The net result of these two opposing effect may be responsible for the

apparent little change on the HDM2 levels. If so, the negative effect on HDM2 by IFIXcl would be

pronounced in cells without functional p53. Indeed, as shown in Fig. 8A, the HDM2 protein levels were

greatly reduced in the IFIXucl stable MDA-MB-468 cells (expressing mutant p53), i.e., X-1 and X-2

(16), as compared with the vector (V). We also noted that a lack of HDM2 reduction by EGFP-IFIXccl
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or EGFP-IFIXf31 transfection in 293T cells as compared with the EGFP vector transfection (Fig. 1A-B,

right panels). It could be explained by the constitutive expression of the HDM2 gene driven by a CMV

promoter. In essence, it resembles the comparable levels of the endogenous HDM2 in the p53-

expressing MCF-7 cell lines with or without IFIXedI (Fig. ID, right panel). For the IFIXcl knockdown

experiment, we chose a low IFIXul expresser, i.e., MDA-MB-468 (X-1). IFIX siRNA, but not the

control (NS) siRNA transfection, reverses the HDM2 down regulation in MDA-MB-468 (X-1) (Fig.

8B). This result clearly indicates IFIXoxl is directly responsible for the HDM2 reduction. In addition,

IFIXcdl expression has little effect on the HDM2 mRNA levels in the IFIXel stable MDA-MB-468 cell

lines (Fig. 8C). This result not only shows that the elevated levels of HDM2 mRNA observed in the

IFIXcul stable MCF-7 cells are indeed p53 dependent (Fig. 4E); but also effectively rules out the

possibility that transcriptional repression is responsible for HDM2 down regulation by IFIXcul. To

further confirm the p53-independent down regulation of HDM2 by IFIXc&l, we employed HCTl 16 and

its p53-null derivative, HCT 16 (p5 3 -/-), in which both p53 alleles were deleted by homologous

recombination (8). Both cell lines were transfected with either EGFP-IFIXu1I or the EGFP control

vector followed by FACS to enrich the GFP-positive cells for western blot analysis. As shown in Fig.

8D (left panel), IFIXaxl expression increases p53 but has a little effect on HDM2 levels, which is similar

to that observed in MCF-7 cells (Fig. ID, right panel). In contrast, IFIXcc1 expression results in a drastic

reduction of HDM2 in HCTl 16 (p53-/-) cells (Fig. 8D, right panel). HDM2 reduction by IFIXcdl is also

observed in two other cell lines that lack wild type p53, i.e., H1299 and 293 (Fig. 8E-F). Importantly,

the IFIXccl -mediated HDM2 down regulation can be abrogated in the presence of a proteasome

inhibitor, MG132 (Fig. 8E-F). These results suggest that IFIXc&1 down regulates HDM2 post-

translationally through a proteasome-mediated degradation. Further confirmation of the above results

came from the HDM2 half-life study in the IFIXcl stable and the vector control cells. We found the
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HDM2 half-life is shorter in IFIXcO stable MDA-MB-468 (X-1 and X-2) cells than that in the vector

control cells (data not shown).

Since IFIX-HIN alone induces p53 (Fig. 6B), it is possible that, like IFIXa1, IFIX-HIN does so by

targeting HDM2. To test this possibility, we transfected 293 cells with EGFP empty vector or EGFP-

IFIX-HIN followed by FACS. The GFP-positive cells were analyzed for HDM2 expression by WB. As

shown in Fig. 8G, IFIX-HIN alone is sufficient to reduce the endogenous HDM2 as compared with that

transfected with EGFP vector. As expected, MG132 treatment stabilizes HDM2 expression. In contrast,

MG132 has little effect on the expression of IFIXccl (Fig. 8E-F) or IFIX-N (data not shown).

Interestingly, MG132 treatment increases EGFP-IFIX-HIN expression (Fig. 8G). This result suggests

that IFIX-HIN is relatively unstable and is susceptible for degradation by proteasome.

IFIXal mediates the down regulation of HDM2 by IFN

IFIXcI is IFN-inducible protein (16). We show that the IFN-induced IFIXca also interacts with HDM2

(Fig. 1E). It is possible that this protein-protein interaction also leads to HDM2 down regulation. We

chose Raji (a human Burkitt's lymphoma cell line in which p53 is mutated (18)) because IFIX

expression can be readily induced by IFN-ax (16). At 72 h of treatment, the induction of endogenous

IFIXcc correlates well with a significant decrease of HDM2 (Fig. 9A). As a positive control for the IFN-

cx responsiveness, the same membrane was probed with an antibody against a known IFN-inducible

protein, PKR (36). The PKR levels increase in response to IFN-uc treatment, indicating IFN pathway is

activated (Fig. 9A). However, it remains possible that other HIN-200 genes inducible by IFN-ax may

contribute to HDM2 down regulation. We then analyzed the expression of HIN-200 proteins in the IFN-

a treated Raji cells. Except for AIM2 (the anti-AIM2 antibody is not available), we found the expression
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of IFI 16 is also induced by IFN-ct in normal growth condition with 10% FCS (Fig. 9A). The expression

of MNDA was not detected with or without IFN-cc treatment in Raji cells (data not shown).

Interestingly, we found IFIXu, but not IFI16, can also be induced by IFN-u under low serum (0.2%

FCS) condition (Fig. 9B, left panel). Importantly, under this condition, the IFN-uQ-induced IFIXc•

expression remains correlated with HDM2 down regulation. Thus, the low serum condition provides us

a unique opportunity to determine the role of IFIXu in IFN-ct-induced HDM2 down regulation. To

assure the specificity of IFIX siRNA, a mixture of four IFIX siRNAs (see Materials and Methods) was

transfected into Raji cells followed by IFN-c• treatment. We show that IFIX siRNAs transfection reduces

IFIXcc, but it has little effect on IFI 16 expression (Fig. 9B, right panel). Importantly, IFIXct depletion by

IFIX siRNAs increases the expression of HDM2 as compared with that transfected with NS siRNA (Fig.

9B, right panel). This result indicates that IFIXcx plays an essential role in the IFN-induced HDM2 down

regulation.

DISCUSSION

In this report, we present evidence to suggest that IFIXul functions as a negative regulator of HDM2.

As such, IFIXoc1 positively regulates p53. IFIXcd increases p53 abundance by stabilizing p53 leading to

increased p53-mediated transcriptional activity.

Emerging evidence has suggested a crosstalk between IFN signaling pathway and p53 tumor suppressor

pathway. For example, it was shown that IFNc/P3 transcriptionally activates p53 (75). In contrast, IFN-

inducible proteins regulate p53 post-transcriptionally. For instance, PKR not only activates p53

transcription (86), but also binds to the C-terminus of p53 and phosphorylates serine 392 (12). In turn,
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PKR up regulates p53-mediated gene transcription (11). IFI16 binds to p53 and is able to augment the

transcriptional activation of a p53 reporter gene (24, 40). This physical interaction may contribute to the

ability of IF116 to sensitize cells to p53-dependent apoptosis induced by y-irradiation (24). p202a was

shown to be associated with a p53 protein complex through the p53 binding protein 1 (53BP1) leading

to the inhibition of p53 transcriptional activity (13). Although IFIXuxl co-localizes with p53 in the

nucleus (Fig. 5E), we have not found a physical association between IFIXcd and p53 despite our

intensive efforts to look for such an interaction (data not shown). Additional experiment such as gel-

filtration analysis is needed to verify this observation. However, it remains possible that IFIXcl-HDM2

and p53-HDM2 may exist as mutually exclusive complexes. Therefore, unlike PKR, IF116, and p202a,

p53 binding may not be necessary for IFIXcal to stabilize p53 and activates the p53-mediated

transcription. Our data suggest that p53 induction and stabilization are the result of HDM2 down

regulation by IFIXa1. These results suggest that HDM2, but not p53, is the primary target of IFIXu.l.

This conclusion is confirmed by the observation that p53 can only be stabilized and activated by IFIXal

in p53-/- MEF but not in DKO MEF (Fig. 7).

Due to the HDM2-p53 auto-regulatory loop, the IFIXcl -mediated HDM2 down regulation is especially

clear in the absence of p53 (Fig. 8). The fact that the HDM2 reduction can be rescued by MG132 (Fig.

8E-F) suggests that IFIXal - or IFN-a-mediated HDM2 down regulation is through proteasome-

mediated degradation. It is known that the E3 ligase activity of RING domain also serves to ubiquitinate

HDM2 itself (21, 34). We show here that the RING domain is required for the IFIXc 1 -mediated HDM2

destabilization (Fig. 3C). We therefore hypothesize that IFIXal increases the E3 ligase activity resulting

in increased levels of ubiquitinated HDM2. The observation that HDM2 is highly ubiquitinated in the

IFIXcdl-transfected cells (Fig. 3D) supports this hypothesis. The mechanism underlying the increased
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ubiquitination of HDM2 by IFIXc&1 is not clear. However, it is possible that IFIXc&l, when binding to

HDM2, may simultaneously compromise the binding of certain HDM2 interacting proteins that

negatively regulate the ubiquitination of HDM2, e.g., p14ARF (67, 81), MDMX (29, 71), TSG101 (47),

and HAUSP (48). It is conceivable that disruption of these interactions by IFIXc*l may restore the E3

ligase activity of HDM2 resulting in an increase of ubiquitination. Alternatively, post-translational

modifications such as sumoylation, acetylation, and phosphorylation are also known to regulate the E3

ligase activity of HDM2 (9, 55). Thus, it is also possible that IFIXc&l binding may alter certain

modifications of HDM2 and tip the balance to favoring ubiquitination.

The nuclear localization of IFIX-N is somewhat expected since a putative NLS, 134LGPQKRKK, resides

within the N-terminal region of IFIXcal (16). However, unlike IFIXyl, which forms nuclear specks (16),

IFX-N localizes throughout the nucleus (Fig. 2D). This result suggests the unique C-terminal 52 amino

acid region of IFIXyl may be responsible for the nuclear speck localization. On the other hand, the

attenuated nuclear localization of IFIX-HIN (Fig. 2D) suggests the N-terminal NLS is required for the

exclusive nuclear localization of IFIXcd. It also suggests that other NLS(s) exists to direct IFIX-HIN to

the nucleus. Two highly charged regions, e.g., 25gLKRKFIKKR and 306RRAKKIPK, reside within the

HIN domain may represent such NLSs. Alternatively, it is possible that IFIX-HIN may be shuttled into

the nucleus by interacting with other nuclear protein.

Like IFIXcdl, IFIX-HIN alone is able to induce p53 and p2lc'P' (Fig. 6B). This result is consistent with

our previous finding that p2lclpl induction was observed in cells expressing IFIXal and IFIXI31 but not

IFIXyl, which lacks the HIN domain (16). Thus, the N-terminal PYD domain and the C-terminal

domain appear to be dispensable for the destabilization of HDM2 by IFIXal. Together with the
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observation that IFIX-HIN down regulates HDM2 (Fig. 8G), these data raise the possibility that IFIX-

HIN alone may be sufficient to destabilize HDM2. Although experiments have been performed to test

this possibility, the instability of IFIX-HIN (Fig. 8G) has become a challenge in this effort. Perhaps, an

exclusively nucleus localized IFIX-HIN by tagging its own NLS or a heterologous NLS may help to

solve the stability issue. Nevertheless, given that IFIX-HIN is the signature motif of HIN-200 proteins, it

is possible that other HIN-200 family proteins may possess a similar activity to destabilize HDM2.

In addition to IFN's role in innate and adaptive immunity (5), the pro-apoptosis, anti-angiogenesis, and

anti-proliferation activities of IFN have been the basis for treating human malignancies (31, 66). The

anti-tumor activity of IFN is likely attributed to the tumor suppressor functions of certain IFN-inducible

proteins (31, 45). HIN-200 genes have been implicated as tumor suppressors by virtue of their loss or

reduced expression in human malignancies (for recent reviews see (2, 51)). IFIXal1, a novel member of

the human HIN-200 gene family, is down regulated in breast cancer and its expression is associated with

growth inhibition and tumor suppression (16). Here, we present a mechanism for the IFIXd 1-mediated

anti-tumor activity. Our data suggest IFIXu1I destabilizes HDM2. IFIXcI does so by binding to HDM2

and promoting its ubiquitination and degradation. Consequently, p53 is stabilized and the p53-

responsive gene such as p2lcIP' activated leading to growth inhibition. Therefore, the IFN-IFIXcal-

HDM2-p53-p21cIPl pathway may contribute to the overall IFN-mediated anti-tumor activity in certain

cancers.
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FIGURE LEGENDS

Fig. 1. IFIXa1 interacts with HDM2. A. HDM2 interacts with EGFP-IFIXcI and 131. 293T cells were

transfected with 2.5 jg CMV-HDM2 and 2.5 jtg EGFP-vector (Vector), or 2.5 jg EGFP-IFIXcI (cXl),

EGFP-IFIX131(131). Forty-eight h post-transfection, cell extracts (500 jig) were immunoprecipitated (IP)

with a monoclonal anti-HDM2 antibody, and western blot (WB) was performed using a polyclonal anti-

GFP or anti-HDM2 antibody. B. A reciprocal experiment that used anti-GFP antibody for IP and WB

with anti-IFIX or anti-HDM2 antibodies. C. HDM2 interacts with FLAG-tagged IFIXcxI. 293T cells

were transfected with 5 jig CMV-HDM2 and 5 jg FLAG-vector (V) or Flag-IFIXccI (ccl). Forty-eight h

post-transfection, cell extracts (500 jig) were IP using anti-FLAG (M2, Sigma), anti-IFIX, or anti-

HDM2 antibodies and WB using anti-IFIX, anti-FLAG, and anti-IFIXcx antibody, respectively. D.

IFIXxl interacts with HDM2 in the IFIXal stable cell lines. The cell lysate (600 jig) isolated from the

IFIXc(x stable cell line (X-1 and X-2) or the empty vector (V) stable cells derived from MCF-7 cells

were IP using anti-HDM2 antibody and WB with anti-IFIXcx or anti-HDM2 antibody. E. IFN-cx

treatment increased the IFIXcx and HDM2 interaction. Cell lysate (800 jig) isolated from Raji or U937

cells treated with (+) or without (-) IFN-cx (2000 u/ml) or IFN-y (1000 u/ml), respectively, for 48 h

followed by immunoprecipitation (IP) with anti-HDM2 or IgG antibody and western blot (WB) with

anti-HDM2 and anti-IFIXcx antibodies.

Fig. 2. Mapping the IFIXaI-HDM2 interacting domains. A. The HDM2 (1-441) mutant interacts

with IFIXuI. 293T cells were transfected with HDM2 or HDM2 (1-441), and EGFP empty vector (V)

or EGFP-IFIXcl (cxl) followed by IP with anti-HDM2 antibody and WB with either anti-HDM2 or

anti-GFP antibody. B-C. The 150-230 region of HDM2 interacts with IFIXcXI. 293T cells were co-

transfected with HDM2 or HDM2 (A150-230) and EGFP empty vector (V) or EGFP-IFIXcx1 ((Xl) (B) or
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FLAG empty vector (V) or FLAG-IFIXcd (al) (C) followed by IP/WB with antibodies as indicated.

The HDM2 band is indicated by an arrowhead. The untransfected 293T cells serve as controls (C). D-F.

The HIN domain of IFIXc•I interacts with HDM2. D. Cellular localization of IFIX-N and IFIX-HIN.

Plasmid encoding EGFP-fused with IFIX-N (EGFP-IFIX-N) or IFIX-HIN (EGFP-IFIX-HIN) was

transfected into MCF-7 cells. Green fluorescence (GFP), nuclear staining (DAPI), and phase contrast are

shown. EGFP-IFIX-N is exclusively localized in the nucleus. The localization of EGFP-IFIX-HIN is

predominantly nuclear, i.e., N > C (92/110 or 83.6%) and N = C (18/110 or 16.4%). Magnification:

400X. E. The HIN domain of IFIXccI interacts with HDM2. 293T cells transfected with HDM2 and

EGFP empty vector (V), EGFP-IFIXocI (c&l), EGFP-IFIX-N (N), or EGFP-IFIX-HIN (HIN) followed

by IP with anti-GFP or anti-HDM2 antibody and WB with anti-HDM2 antibody or anti-GFP antibody.

Untransfected 293T cells are indicated (C). F. A summary of HDM2 binding by IFIXcdI, IFIXIgl, IFIX-

N, and IFIX-HIN.

Fig. 3. The E3 ligase activity of HDM2 is required for the destabilization by IFIXaI. A. IFIXu1I

destabilizes HDM2. H1299 cells were co-transfected with HDM2 (0.7 jag) and 1.3 jig of either the

empty vector (V), FLAG-IFIXcl (IFIXa1), or FLAG-IFIX-N (IFIX-N). Twenty-four h post-

transfection, cells were treated with cyclohexamide (CHX) (100 lag/ml). Cell lysates were isolated at 0,

15, and 30 min after CHX treatment for WB using antibodies against HDM2, IFIXCo, and oX-tubulin. B.

The amount of HDM2 protein at 0 time point was arbitrarily set at 1. The % of HDM2 protein remained

was determined using a BioRad software. C. The RING domain of HDM2 is required for the

destabilization by IFIXa1. HDM2 (1-441) (0.7 jig) was co-transfected into H1299 cells with 1.3 jig of

either the empty vector (V) or FLAG-IFIXcc (IFIXcd). CHX-chase assay and WB were carried out as

described in (A). D. IFIXcxl induces ubiquitination of HDM2. H1299 cells were co-transfected with
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HDM2 (1.5 gg), HA-Ubiqutin (1 jig), and IFIXccI (cl) (0 (-), 1.5, and 3.5 [tg). Cells were treated with

MG132 (10 gM) 6 h prior to harvest at 48 h post-transfection. Cell lysate (0.9 mg) was IP using anti-

HDM2 antibody and WB using anti-HDM2 or anti-IFIXox antibody.

Fig. 4. IFIXal stabilizes p53 protein. A. Increased p53 protein levels in IFIXca stable MCF-7 cell

lines. Total cell lysates isolated from the IFIXcdt stable (X-1 and X-2) and the vector control (V) cell

lines derived from MCF-7 were analyzed by WB using antibodies against p53, IFIXca, and cc-tubulin. B.

Increased p53 protein levels in the IFIXcdI transiently transfected MCF-7 cells. MCF-7 cells were

transfected with EGFP vector (EGFP) or EGFP-IFIXa1. 48 h post-transfection, the EGFP-positive cells

were collected by FACS. Cell lysates were analyzed by WB using antibodies against p53, IFIXct, and a•-

tubulin. C. IFIXca knockdown by siRNA reduces p53 expression. The IFIXcI stable MCF-7 cell line,

X- 1, was transfected with siRNA specific to IFIXa (IFIX) (100 nM) or non-specific scramble siRNA

(NS) (100 nM). Forty-eight h after transfection, the expression of p53, IFIXcI, or u.-tubulin were

analyzed by WB. D. IFIXccI knockdown by siRNA reduces p21 cIP1 expression. The IFIXcul stable

MCF-7 cell line, X-1, was transfected with siRNA specific to IFIXox (IFIX) (100 nM) or non-specific

scramble siRNA (NS) (100 nM). Forty-eight h after transfection, the expression of p21el1, IFIXcd, or

oa-tubulin were analyzed by WB. E. IFIXcI induces the steady-state HDM2 mRNA but has little effect

on p53 mRNA levels in MCF-7 cells. Total RNA (10 jig) isolated from the parental MCF-7 (C) and the

stable cell lines transfected with the empty vector (V) or IFIXal expression vector (X-1 and X-2) were

analyzed by northern blot using HDM2, p53, or IFIXal cDNA as a probe. The 18S and 28S rRNAs are

shown as loading controls. F. IFIXccI expression increases p53 stability. The vector control (V) and the

IFIXcdI stable MCF-7 (X-1 and X-2) cells were treated with cyclohexamide (CHX) (100 jig/ml) for the

time indicated. Cell lysates were analyzed for the expression of p53 and cc-tubulin.
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Fig. 5. IFIXaI activates p53-mediated transcription and promotes p53 nuclear localization. A.

IFIXc&l augments the p53-mediated transcriptional activity. H1299 cells were transfected with 0.3 jig of

PG13-LUC or MG15-LUC with or without p53 (0.01 jig) and IFIXcd (0.845 and 1.69 jig). pRL-TK

(0.05 jig) was co-transfected to normalize transfection efficiency. Cells were harvested 24 h after

transfection and the luciferase activity was measured using dual luciferase assay (Promega). The relative

luciferase activity was obtained by setting the normalized activity of PG13-LUC or MG15-LUC at 1. B.

IFIXcl enhances p53 DNA binding activity. Nuclear extract (7.5 jig) was incubated with 32p-labeled

oligonucleotide containing p53-binding sites prior to electrophoretic mobility shift assay according to

manufacturer's instruction (p53 Nushift kit, Geneka) (left panel). MCF-7 cells treated with (+) or

without (-) ultraviolet light (UV) (20 j/m2) serve as a positive control. Nuclear extract isolated from X-1

cells was incubated with (+) or without (-) the anti-p53 antibody in the binding reactions to indicate the

specific p53/DNA complex (arrow). The nuclear extracts used in the mobility shift assay were analyzed

for the expression of p53 and IFIXc&I by WB (right panel). C. IFIXccl activates p2 1clP1 promoter. MCF-

7 and HCT1 16 cells were transfected with wwp-LUC (0.5 jig) and increasing amount of IFIXcl (0,

0.75, 1.5 jig). pRL-TK (0.1 jig) was co-transfected to normalize transfection efficiency. The luciferase

activity was determined using an illuminometer and normalized with the dual luciferase protocol

(Promega). The normalized luciferase activity of wwp-LUC without IFIXcdl was set as one. D.

Increased p53 binding to the p2lcIPl promoter in IFIXc&l stable cells. ChIP assay was performed in the

vector control (V) and the IFIXuxl stable MCF-7 (X-1 and X-2) cells. The primer pair that specifically

amplifies a 320-bp region of p2 1 clP1 promoter was used to analyze the DNA immunoprecipitated by

either anti-p53 antibody or a control anti-GFP antibody. The input DNA used for ChIP assay was

likewise amplified to indicate equal loading. E. The IFIXcl -induced p53 is localized in the nucleus. The
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vector control (V) and the IFIXaxl stable MCF-7 (X-2) cells were fixed and treated with rabbit

polyclonal antibody against IFIXct, a monoclonal antibody against p53, or a control mouse IgG followed

by incubation with secondary anti-rabbit Fc antibody conjugated with FITC (green) and anti-mouse Fc

antibody conjugated with Texas red (red). Nuclei were stained by DAPI (blue). Magnification: 400X. F.

The GFP-p53 fusion protein is preferentially localized in the nucleus of the IFIXal stable cells. GFP-

p53 was transfected into the vector control (V) and the IFIXcI stable MCF-7 (X-1 and X-2) cells. 24 h

after transfection, the number of cells in which GFP-p53 localized in both nucleus and cytoplasm (C+N)

or predominantly in the nucleus (N) was counted. Two independent experiments were performed, V:

C+N (69, 51.1%; 30, 58%), N (66, 48.9%; 21, 42%), total 135 and 51 GFP-positive cells counted; X-1:

C+N (65, 34.2%; 48, 38%), N (125, 65.8%; 78, 62%), total 190 and 126 GFP-positive cells counted; and

X-2: C+N (21, 19.3%; 28, 23%), N (88, 80.7%; 94, 77%), total 109 and 122 GFP-positive cells counted.

Fig. 6. IFIX-HIN is sufficient to induce p53 and p21CIP1. H1299 cells were transfected with p53 (0.1

pRg) and increasing amount (0.5, 1.0, and 1.8 fig) of the FLAG-tagged IFIXcd (A), IFIX-HIN (B), or

IFIX-N (C), followed by WB using antibodies against p53, HDM2, FLAG, p2l'p, and ax-tubulin at 24

h after transfection. D. IFIXc 1 induces p21 c1p' mRNA expression. H 1299 cells were co-transfected with

p53 (0.5 gg) and 5.5 [tg of FLAG-tagged empty vector (V), IFIXdI (c*1), IFIX-HIN (HIN), or IFIX-N

(N). Twenty-four h post-transfection, total RNA (10 gg) isolated from these cells were analyzed by

northern blot using p21ct1p or IFIX cDNA as a probe. The 18S and 28S rRNA serve as loading control.

Fig. 7. Mdm2 is required for p53 induction and p53-mediated transcription by IFIXcX1. A. Mdm2

is required for the increased p53 protein expression by IFIXc•l. p53-/- MEF or DKO MEF was

transfected with GFP-p53 (0.1 jig), and increasing amount of IFIXca (0, 1, or 2 jtg). Twenty-four h
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post-transfection, cell lysate was analyzed by WB using antibodies against p53, IFIXcxl, or cu-tubulin. B.

Mdm2 is required for the p53-mediated transcriptional activation by IFIXccl. PG13-LUC (0.3 jag) was

co-transfected with p53 (0.1 jag) with or without increasing amount of IFIXcI (0.845 jig and 1.69 jig)

into the p53-/- MEF or DKO MEF. pRL-TK (0.05 jig) was co-transfected to normalize transfection

efficiency. Cells were harvested 24 h after transfection and the luciferase activity was measured using

dual luciferase assay. The relative luciferase activity was obtained by setting the normalized activity of

PG13-LUC alone at one.

Fig. 8. IFIXal down regulates HDM2 independent of p53. A. Inverse relationship between IFIXcI

and HDM2 expression. Cell lysates isolated from IFIXcl stable cell lines (X-1 and X-2) and the vector

control cell lines (V) derived from MDA-MB-468 were analyzed by western blot using antibodies

against HDM2, p53, IFIXca, and ox-tubulin. B. IFIXcal is responsible for HDM2 down regulation. MDA-

MB-468 (X-1) cells were transfected with IFIX siRNA (100 nM) or non-specific scramble siRNA (NS)

(100 nM). Forty-eight h after transfection, the expression of HDM2, IFIXcl, p53, or cx-tubulin were

analyzed by western blot. C. IFIXc&I expression has little effect on both the steady-state mRNA levels

of HDM2 and p53 in MDA-MB-468 cells. Total RNA (10 jig) isolated from the parental MDA-MB-468

(C) and the stable cell lines transfected with the empty vector (V) or IFIXo1 expression vector (X-1 and

X-2) were analyzed by northern blot using HDM2, p53, or IFIXcI cDNA as a probe. The 18S and 28S

rRNAs are shown as loading controls. D. IFIXcdI decreases HDM2 expression in p53-null cells.

HCT1 16 and HCTl 16 (p5 3 -/-) cells were transfected with EGFP vector or EGFP-IFIXcCI. 48 h after

transfection, the GFP-positive cells were collected by FACS. Cell lysates of the GFP-positive cells were

analyzed by western blot using antibodies against HDM2, p53, IFIXcl, and ca-tubulin. E-F. MG132

treatment reverses the IFIXccl -mediated HDM2 down regulation. H1299 (E) or 293 (F) cells were
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transfected with EGFP vector or EGFP-IFIXu1. MG132 (10 jiM) treatment started 5 h prior to harvest

at 48 h after transfection. The GFP-positive cells were collected by FACS followed by western blot

using antibodies against HDM2, IFIXal, and cx-tubulin. The untransfected cells with or without MG132

serve as positive controls for HDM2 stabilization by MG132. G. IFIX-HIN down regulates HDM2

expression. 293 cells were transfected with EGFP empty vector (EGFP) or EGFP-IFIX-HIN. MG132

(10 gM) treatment started at 5 h before harvest. The GFP-positive cells were collected by FACS

followed by western blot using antibodies against HDM2, EGFP, and ct-tubulin.

Fig. 9. IFIXal mediates the IFN-a-induced HDM2 down regulation. A. IFN-c( treatment decreases

the HDM2 protein levels. Raji cells were treated with or without IFN-aX (2000 u/ml) for 72 h followed

by WB using the antibodies against HDM2, IFI16, IFIXct, PKR, and ox-tubulin. B. IFIX siRNA

transfection reverses the IFN-ox-mediated down regulation of HDM2. Raji cells growing in 0.2% FCS

DMEM/F12 medium with or without IFN-ox treatment (2000 u/ml) for 72 h was analyzed by western

blot using antibodies against HDM2, IFIXcx, IFI 16, and co-tubulin (left panel). The protein expression

was likewise analyzed by western blot in the Raji cells transfected with either IFIX siRNA (100 nM) or

the non-specific scramble (NS) siRNA (100 nM) in 0.2% FCS DMEM/F12 medium followed by IFN-cC

treatment (2000 u/ml) for 72 h (right panel).

45



Fig. 1

A B

IP: Antl-HDMV2 10% loading IP: Anti-GFP 10% loading

HDMV2 - + ++ + ++ + HDMV2 -+ + + - ++ +
EGFP-IFIXa1 - . + - -- + - EGFP-IFIXcd - - + - - - + -

EGFP-IFIX01- - - + - - + EGFP-IFIXO1- - - + - - - +
vector - + + - vector - + -- - + --

100 AntI-HDM 2L2 _7 HDM
75-Wal

Anti-GFP So Anti-IFIX

WB
37-
25- lV

Anti-HDM2 HDM2

C IP: Anti-FLAG Anti-IFIX Anti-HDM2 10% loading

WB Anti-HDM2[= [ h W V Q HDMV2

Anti-IFIX Anti-FLAG Anti-IFIX Anti-IFIXa

D IP: HDMV2 6% loading

WBAnti-HOM21 NNE ý' I Z _W
Anti-IFIXa

E

IP: Anti-HDM2 lgG 6% loading IP: Anti-HDMV2 10% loading
IFN-a - + + IFN-y+

WSAnti-H DM2 [~~-HDMV2
Anti-IFIXa IFIXal

Raj! U937

46



Fig. 2
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Fig. 2 (Cont'd)
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Fig. 3
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Fig. 4
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Fig. 5
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Fig. 5
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Fig. 6
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Fig. 7
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Fig. 8
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Fig. 9
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